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PREFACE 


A  member  of  the  halogen  group  on  the  periodic  table,  iodine  is  found  in  seaweeds, 
the  brine  extracted  along  with  natural  gas,  and  Chilean  caliche  deposits.  Iodine  is  a 
micronutrient  element  that  is  fundamental  to  a  living  body  and  is  essential  for  the 
subsistence  and  growth  of  humans  and  animals.  The  goiter-preventing  effects  of 
iodine  in  seaweeds  were  known  to  the  legendary  Chinese  emperor  Shen-Nung  as 
early  as  around  3000  BC,  and  the  knowledge  of  this  treatment  was  available  in 
Greece  by  the  time  of  Hippocrates.  Nevertheless,  iodine  was  not  isolated  and  recog¬ 
nized  as  an  element  until  the  early  nineteenth  century.  In  I8II,  Barnard  Courtois  of 
France  found  that  violet  vapor  with  a  strong  smell  was  generated  while  producing 
niter  from  seaweed  ashes,  and  that  when  the  vapor  was  cooled  down,  it  turned  into 
purplish-black  flake-like  crystalline  material  having  a  metallic  luster.  His  friend,  who 
was  entrusted  with  the  research  of  this  unknown  material,  announced  his  results  on 
December  9,  1813.  In  the  following  year,  1814,  based  on  the  results  obtained  from 
Joseph  Louis  Gay-Lussac’s  research,  it  was  clarified  that  this  material  was  a  chemical 
element  similar  to  chlorine.  This  was  the  beginning  of  iodine,  named  from  “iodes”  in 
Greek.  Industrial  production  began  in  the  same  year,  and  in  1816,  iodine  was  used  as 
a  medical  sterilizing  agent.  Today  it  is  used  in  many  areas.  Iodine  use  is  closely 
linked  to  our  daily  lives.  Products  include  medicated  gargle.  X-ray  contrast  media, 
and  antimicrobial  agents.  In  addition,  iodine  is  useful  as  an  industrial  catalyst  and  has 
many  applications  in  the  field  of  agriculture.  Recently,  iodine  has  found  a  wide  range 
of  applications  in  innovative  materials,  such  as  liquid-crystal  display  (LCD) 
polarizing  film  and  electrolytes  of  dye-sensitized  solar  panels. 

About  90%  of  iodine  in  the  world  is  produced  in  Chile  (50-60%)  and  Japan 
(30-40%).  In  Japan,  iodine  is  positioned  as  one  of  the  most  valuable  resources 
because  Japan  is  scarce  in  nonbiological  resources.  Chiba  is  the  richest  prefecture  for 
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PREFACE 


iodine  resources  in  Japan  and,  thus,  the  Forum  of  Iodine  Utilization  (FIU)  was 
organized  on  June  1,  1998,  at  Chiba  University  for  further  development  on  iodine 
utilization  in  academic  and  industrial  fields  under  the  cooperation  of  volunteers  from 
industry,  academia,  and  government.  On  July  1,  2007,  the  FIU  was  progressively 
reorganized  to  the  Society  of  Iodine  Science  (SIS)  based  on  its  successful  activities. 
In  2011,  the  Commemorative  Symposium  of  Iodine  Science  was  held  at  Chiba 
University  in  Japan  on  the  occasion  of  the  bicentennial  anniversary  of  iodine  dis¬ 
covery  by  Bernard  Courtois.  The  special  review  article  entitled  “Commemorating 
Two  Centuries  of  Iodine  Research:  An  Interdisciplinary  Overview  of  Current 
Research”  was  also  issued  in  the  Angewandte  Chemie  International  Edition  on 
December  2,  2011.  Since  iodine  was  officially  recognized  as  a  novel  element  in  1813 
by  Bernard  Courtois  and  his  friends,  it  is  worth  publishing  a  comprehensive  book 
about  iodine  in  2013  to  celebrate  the  bicentennial  anniversary  of  this  event. 

Chiba,  Japan  TaTSUO  KaIHO 

December  2013 


OVERVIEW 


Tatsuo  Kaiho 

Nihon  Tennen  Gas  Co.,  Ltd.,  Chiba,  Japan 


1.1  INTRODUCTION 

To  the  best  of  our  knowledge,  there  was  no  book  that  focused  on  iodine  chemistry 
and  application^  This  book  will  cover  all  of  the  areas  related  to  iodine  in  their 
entirety.  Therefore,  it  is  expected  to  be  a  useful  guide  for  both  academic  and 
industrial  chemists  who  want  to  synthesize  complex  compounds  or  develop 
new  materials  by  using  iodine  reagents  or  intermediates.  The  book  consists  of  the 
following  parts. 

Part  1 :  Characteristics,  elemental  of  iodine 
Part  2:  Production  of  iodine 
Part  3:  Synthesis  of  iodine  compounds 
Part  4:  Biological  application  of  iodine 
Part  5:  Industrial  application  of  iodine 

Part  6:  Bioinorganic  chemistry  and  environmental  chemistry  of  iodine 
Part  7 :  Radioisotope  of  iodine 


^  The  books  dealing  with  the  biological  activity  of  iodine  11]  and  the  development  of  new  reactions  using 
variously  hypervalent  iodine  as  catalysts  [2,  3]  partially  involve  iodine  chemistry  and  applications,  while 
none  of  them  cover  the  whole  area  of  iodine  chemistry. 
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1.2  DISCOVERY  AND  NAMING 

In  1811,  French  chemist  Barnard  Courtois  found  that  violet  vapor  with  a  strong  smell 
was  generated  while  producing  niter  from  seaweed  ashes  and  that  when  the  vapor 
was  cooled  down  it  turned  into  a  purplish  black  flake-like  crystalline  material  having 
a  metallic  luster.  His  friend,  who  was  entrusted  with  the  research  of  this  unknown 
material,  announced  his  results  in  the  journal  Annales  de  Chimie  on  December  9, 
1813.  In  the  following  year,  1814,  based  on  the  results  of  Joseph  Louis  Gay-Lussac’s 
research,  it  was  clarified  that  this  material  was  a  chemical  element  similar  to 
chlorine.  Iodine  was  named  after  “iodes,”  which  means  violet  or  purple  in  Greek. 
Industrial  production  began  in  the  same  year,  and  in  1816  iodine  was  used  as  a  medical 
sterilizing  agent. 


1.3  PHYSICOCHEMICAL  PROPERTIES 

Iodine  is  a  nonmetallic  element  of  the  halogen  family  (fluorine,  chlorine,  bromine, 
iodine,  and  astatine)  and  appears  in  group  17  of  the  periodic  table.  Iodine  under  standard 
conditions  is  a  purplish-black  solid  and  has  a  glittering  crystalline  appearance.  It  has 
a  moderate  vapor  pressure  at  room  temperature  and  in  an  open  vessel  slowly  sublimes 
to  a  deep  violet  vapor.  If  heated  under  the  proper  conditions,  iodine  can  be  made  to 
melt  at  1 13.7°C  and  to  boil  at  184°C.  The  density  of  iodine  is  4.98  g/cm^.  Because  of 
its  high  electronegativity,  it  forms  iodides  with  almost  all  elements,  with  iodine 
possessing  the  formal  oxidation  state  -1.  Iodine  is  known  in  compounds  with  formal 
oxidation  states  ranging  from  -1,  H-1,  -i-3,  h-5,  and  +1 .  Iodine  also  reacts  with  other 
halogens,  fluorine,  chlorine,  and  bromine,  and  forms  interhalogens  such  as  IF^,  ICl, 
and  IBr.  These  compounds  are  used  for  halogenation  reactions.  Iodine  dissolves 
easily  in  most  organic  solvents  such  as  hexane,  benzene,  carbon  tetrachloride,  and 
chloroform  owing  to  its  lack  of  polarity,  but  is  only  slightly  soluble  in  water.  However, 
the  solubility  of  elemental  iodine  in  water  can  be  increased  by  the  addition  of  sodium 
or  potassium  iodide. 


1.4  PRODUCTION 

The  concentration  of  iodine  in  brown  seaweeds  is  so  high  that  these  marine  algae 
have  been  used  as  the  raw  material  for  iodine  production  since  the  first  half  of  the 
nineteenth  century.  Today,  iodine  production  is  conducted  in  areas  where  brines 
from  natural  gas  (Japan)  and  oil  fields  (United  States)  contain  high  iodine  concen¬ 
trations,  as  well  as  from  Chilean  caliche  deposits.  About  2/3  of  the  total  iodine 
production  in  the  world  originates  from  Chile  and  1/3  from  Japan,  together 
accounting  for  nearly  90%  of  the  iodine  globally.  Two  methods  are  employed  for  the 
production  of  iodine  in  Japan:  (1)  the  “blowing  out”  method,  which  takes  advantage 
of  the  high  vapor  pressure  of  molecular  iodine  and  is  ideal  for  large-scale  production. 
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including  the  processing  of  brine  at  high  temperature;  and  (2)  the  “ion-exchange 
resin”  method,  which  uses  a  resin  that  adsorbs  iodide  and  is  suitable  for  both  small 
and  large  production  plants.  In  contrast,  iodine  production  in  Chile  is  based  on  the 
mining  and  leaching  of  nitrate  ores  (caliches).  Caliches  contain  lautarite  (Ca(I03)2) 
and  dietzeit  (Ca(I03)2-8CaCrO^).  The  solutions  from  the  leaching  of  caliches  carry 
iodine  in  the  iodate  form.  Part  of  the  iodate  in  solution  is  subsequently  reduced  to 
iodide  by  using  sulfur  dioxide  obtained  by  the  combustion  of  sulfur.  The  resulting 
iodide  is  combined  with  the  remainder  of  the  untreated  iodate  solution  to  generate 
elemental  iodine. 


1.5  SYNTHESIS 

Generally,  organic  iodides  can  be  divided  into  two  classes  of  alkyl  iodides  and  aryl 
iodides.  Since  alkyl  iodides  show  the  highest  reactivity  among  alkyl  halides,  typical 
reactions  of  alkyl  iodides  include  nucleophilic  substitution,  elimination,  reduction, 
and  the  formation  of  organometallics.  On  the  other  hand,  aryl  halides  do  not  undergo 
direct  displacement  by  nucleophiles  as  observed  in  the  case  of  alkyl  halides,  because 
of  their  low  reactivity  toward  nucleophilic  substitution.  Therefore,  aryl  iodides 
undergo  nucleophilic  substitutions,  iodine-metal  exchange  for  organometallic  com¬ 
pounds,  and  coupling  reactions.  The  development  of  new  reactions  for  the  synthesis 
of  aromatic  compounds  is  one  of  the  hot  research  fields  in  organic  chemistry.  As 
such,  the  hypervalent  iodine-mediated  cross-coupling  reactions  have  been  studied 
extensively.  The  new  concept  of  halogen  bonding  has  recently  been  introduced  in  the 
life  sciences  to  develop  novel  drugs  and  in  the  material  sciences  to  develop  liquid 
crystals  and  organic  conductors. 


1.6  INDUSTRIAL  APPLICATION 

The  industrial  process  for  the  production  of  acetic  acid  is  currently  dominated  by  the 
carbonylation  of  methanol.  The  three-step  process  involves  iodomethane  as  an 
intermediate  and  requires  a  catalyst,  usually  a  metal  complex,  such  as  rhodium  iodide 
(Monsanto  process)  or  iridium  iodide  (Cativa  process).  Nylon  is  an  industrially 
important  and  useful  material  with  multiple  applications,  including  as  an  engineering 
resin  and  fiber.  Thermoplastic  forms  of  nylon  are  stabilized  with  copper  iodide. 
Nylon  fiber  producers  use  potassium  iodide  for  tire  and  airbag  cord  nylon.  The 
potassium  iodide  reacts  in  situ  with  cupric  acetate  to  form  cupric  iodide,  which  acts 
as  a  heat  stabilizer.  A  polarizer  with  the  function  of  transmitting  and  blocking  light  is 
a  basic  component  of  liquid-crystal  displays  (LCDs),  along  with  the  liquid  crystal 
that  functions  as  a  switch  for  light.  LCDs  are  used  in  a  wide  range  of  instruments, 
including  computer  and  TV  screens,  navigation  systems  for  automobiles,  and  instru¬ 
ment  displays.  The  most  common  materials  used  in  polarizing  films  are  stretched 
polyvinyl  alcohol  films  treated  with  absorbing  iodine. 
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1.7  RECYCLE 

Recovery  of  expensive  iodine  from  used  iodine-containing  materials  or  iodine  com¬ 
pounds,  and,  further,  the  manufacturing  step  of  iodine-containing  materials  such  as 
X-ray  contrast  agents  and  liquid  crystal  films,  is  very  beneficial  from  the  viewpoint 
of  economy,  natural  environmental  conservation,  and  conservation  of  natural 
resources.  Many  iodine  manufacturers  have  recently  focused  on  collecting  and 
recycling  iodine  from  waste  streams  in  view  of  their  sustainability. 


1.8  BIOLOGICAL  ACTIVITY 

Iodine  is  an  essential  component  of  hormones  produced  by  the  thyroid  gland.  Thyroid 
hormones,  and  therefore  iodine,  are  essential  for  mammalian  life.  The  optimal  dietary 
iodine  intake  for  healthy  adults  is  1 50-250  pg/day.  In  regions  where  iodine  in  soils 
and  drinking  water  is  low,  humans  and  animals  may  become  iodine-deficient.  Iodine 
deficiency  has  multiple  adverse  effects  on  humans  due  to  inadequate  thyroid 
hormone  production  that  are  termed  the  iodine  deficiency  disorders.  Iodine  deficiency 
during  pregnancy  and  infancy  may  impair  growth  and  neurodevelopment  of  the 
offspring  and  increase  infant  mortality.  Deficiency  during  childhood  reduces  somatic 
growth  and  cognitive  and  motor  function.  In  most  countries,  the  best  strategy  to 
control  iodine  deficiency  in  populations  is  iodization  of  salt,  one  of  the  most 
cost-effective  ways  to  contribute  to  economic  and  social  development. 


1.9  PHARMACEUTICALS 

Halogens  have  played  an  important  role  in  the  development  of  pharmaceuticals  for 
several  decades.  The  effectiveness  of  many  complex  molecules  is  significantly 
enhanced  by  the  presence  of  halogen  atoms.  The  majority  of  halogenated  drugs 
contain  fluorine,  followed  by  chlorine,  while  those  with  bromine  are  rare.  Only  a 
few  iodine-containing  drugs  are  known,  such  as  the  thyroid  hormone  thyroxine, 
an  anti-herpesvirus,  the  antiviral  drug  idoxuridine,  and  amiodaron,  a  class  III 
antiarrhythmic  agent.  Since  C-I  bonds  are  highly  polarizable,  the  iodinated  compounds 
are  relatively  unstable. 

On  the  other  hand,  iodinated  contrast  media  for  X-rays  categorized  as  diagnostic 
drugs  are  very  stable  compared  to  the  iodinated  therapeutic  agents.  X-ray  contrast 
media  (XRCMs)  are  substances  that  enable  the  visualization  of  soft  tissues  in  X-ray 
examination.  The  iodine  atoms  function  as  the  X-ray  absorbers,  and  their  utility  can 
be  attributed  to  their  high  atomic  weight.  The  nonionic  XRCMs,  developed  in  the 
1980s,  including  iopamidol,  iohexol,  and  iopromide,  offer  a  significant  margin  of 
safety,  have  fewer  side  effects,  and  provide  a  high  level  of  comfort  to  the  patients, 
compared  to  ionic  compounds. 

The  widely  used  iodine  tincture  is  an  alcohol  solution  of  iodine  and  potassium 
iodide.  lodophores  are  iodine  complexes  with  surfactants  that  act  as  iodine  carriers. 


REFERENCES 


5 


These  are  water-soluble  and  less  irritating  to  the  skin  and  other  tissues  than  the 
tincture.  Iodine  and  iodophores  have  a  wide  range  of  antimicrobial  action  against 
Gram-positive  and  -negative  bacteria,  tubercle  bacilli,  fungi,  and  viruses.  The  most 
popular  iodophore  for  surgical  scrub  and  gargle  is  povidone  iodine. 


1.10  AGROCHEMICALS 

In  the  past  three  decades  a  significant  increase  of  halogenated  active  ingredients  in 
the  field  of  modern  crop  protection  research  and  development  was  observed. 
Interestingly,  there  has  been  a  remarkable  rise  in  the  number  of  commercial  products 
containing  “mixed”  halogens,  for  example,  one  or  more  further  halogen  atoms. 
Generally,  iodine-containing  compounds  are  in  the  minority,  and  some  of  them  are 
“mixed”  with  other  halogens  like  bromine  or  chlorine.  A  selection  of  three  modern 
iodine-containing  agrochemicals  is  as  follows:  iodosulfuron-methy  1-sodium 
(herbicide),  proquinazid  (fungicide),  and  flubendiamide  (insecticide).  The  iodo- 
containing  compounds  can  reflect  (i)  a  moderate  chemical  and  biological  stability, 
(ii)  a  good  hydrophobicity  or  lipophilicity,  which  increases  biological  membrane 
permeability,  (iii)  a  high  bulkiness,  and  (iv)  halogen  bonding  interactions. 


1.11  ISOTOPES 

In  the  past,  with  major  nuclear  power  plant  accidents  occurring  in  Three  Mile  Island 
in  the  United  States  in  1979,  Chernobyl  in  Ukraine  (the  former  Soviet  Union)  in  1986, 
and  recently  with  the  Fukushima  disaster,  the  world  is  once  again  reminded  of  the  real 
dangers  of  contamination  with  radioactive  materials,  including  radioactive  iodine. 
Radioactive  iodine  is  associated  with  such  risks  but  can  also  be  of  great  benefit  when 
used  for  medical  purposes.  Radioactive  iodine  has  been  used  in  the  field  of  medicine 
(nuclear  medicine),  as  diagnostic  and  therapeutic  radiopharmaceuticals  and  therapeutic 
medical  devices,  throughout  the  world.  The  isotopes  iodine- 123  and  iodine- 125 
[1251]  are  used  as  radiopharmaceuticals  to  diagnose  a  patient’s  condition  based  on 
abnormalities  in  the  internal  distribution  of  radioactivity.  Therapeutic  radiophar¬ 
maceuticals  include  compounds  labeled  with  radioactive  iodine  isotopes  such  as 
iodine-125  and  iodine-131  Therapeutic  radiopharmaceuticals  are  adminis¬ 
tered  orally  or  intravenously  to  the  body  to  treat  lesions  with  internal  radiation. 
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Iodine,  I,  atomic  mass  129.9044,  atomic  number  53,  is  a  nonmetallic  element  of  the 
halogen  family  (fluorine,  chlorine,  bromine,  iodine,  and  astatine)  and  appears  in  group 
17  of  the  periodic  table.  The  electronic  configuration  of  iodine  atom  is  [Kr]  4d''’5s^5p^. 
The  relative  atomic  mass  of  its  only  stable  isotope  is  127.  There  are  22  artificial 
isotopes  with  masses  between  117  and  139  [1]  (Chapter  34). 

Iodine  under  standard  conditions  is  a  bluish-black  solid  and  has  a  glittering  crystalline 
appearance.  It  has  a  moderate  vapor  pressure  at  room  temperature  and  in  an  open  vessel 
slowly  sublimes  to  a  deep  violet  vapor  that  is  irritating  to  the  eyes,  nose,  and  throat. 

The  molecular  lattice  contains  discrete  diatomic  molecules  that  are  also  present  in 
the  molten  and  the  gaseous  state.  Iodine  melts  at  the  relatively  low  temperature  of 
1 13.7°C  and  turns  dark  hrown  although  the  liquid  is  often  obscured  by  a  dense  violet 
vapor  of  gaseous  iodine  [2,  3]. 

Physical  properties  of  iodine  are  provided  in  Tables  2.1,  2.2,  and  2.3. 

Iodine  dissolves  easily  in  most  organic  solvents  such  as  hexane,  benzene,  carbon 
tetrachloride,  and  chloroform  owing  to  its  lack  of  polarity,  but  it  is  only  slightly  sol¬ 
uble  in  water  [4].  However,  the  solubility  of  elemental  iodine  in  water  can  be  increased 
by  the  addition  of  sodium  or  potassium  iodide  [5]  (Tables  2.4,  2.5,  and  2.6). 

Molecular  iodine  reacts  reversibly  with  the  negative  ion,  generating  the  triiodide 
anion  1^“  in  equilibrium,  which  is  soluble  in  water  [6,  7]. 

I2(s)  +  I  (aq)  I3  (aq) 
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TABLE  2.1  Physical  properties  of  iodine 


Element  category 
Group,  period,  block 
Standard  atomic  weight 
Electron  configuration 

Atomic  radius 
Covalent  radius 
Ionic  radius 
Electronegativity 
Electron  affinity 
Ionization  enthalpy 
Ionization  energies 


Halogen 

17  (halogens),  5,  p 
126.90447 
[Kr]  4d‘“5s^5p^ 

2,  8,  18,  18,7 
1 40  pm 
I39±3pm 
220  pm 

2.66  (Pauling  scale) 

30IkJmoI-‘ 

I0I5kJmoI-‘ 

1st:  lOISkJmol"* 
2nd:  I852kJmol-‘ 
3rd:  3200kJmol-‘ 


TABLE  2.2  Physical  properties  of  iodine  in  the  solid  phase 


Solid  phase 

Density  (298  K) 

4.94  gcm“’ 

Density  (333  K) 

4.866  gcm"^ 

Refractive  index 

nD20  3.34 

Melting  point 

387  K,  114°C,  236.66°F 

Boiling  point 

457  K,  184‘>C,  363.7“F 

Triple  point 

386.65  K(113“C),  12.1  kPa 

Critical  point 

819K,  11.7MPa 

Heat  of  fusion  (I^)  at 

7.9kJmol-‘ 

melting  point 

62.17Jg-‘ 

Heat  of  vaporization  (I^) 

41.57kJmol-‘ 

at  boiling  point 
at  298  K 

23.0kJmol-‘ 

Molar  heat  capacity  (I^) 

53.3Jmol-‘K-‘ 

Vapor  pressure 

1  10  100 

Ik 

10k 

100k  (Pa) 

(rhombic) 

260  282  309 

342 

381 

457  (K) 

Vapor  pressure 

0.03  IkPa  (25°C) 
9.17kPa(113.6°C) 

Van  der  Waals  radius 

198  ppm 

Electrical  resistivity 

1.3xl0’f2m(0°C) 

5.85xl0''f2m(25°C) 

8.33xl0^f2m(110°C) 

Thermal  conductivity 

0.45Wm-‘K-' 

When  iodine  is  dissolved  in  polar  solvents  that  are  strong  donor  solvents  such  as 
ketones,  ethers,  pyridine,  the  formation  of  charge-transfer  complexes  leads  to 
modification  of  the  energy  gap  between  the  two  molecular  orbitals,  and  thus  different 
wavelengths  of  light  are  absorbed.  Iodine  accepts  electrons  from  the  solvent 
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TABLE  2.3  Physical  properties  of  iodine  in  the  liquid  and  gas  phases 


Liquid  phase 


Boiling  point 

184‘>C 

Critical  temperature 

546X 

Critical  pressure 

11. 7  MPa 

Critical  compressibility  factor 

0.268 

Density 

dl20 

3.96g  cm  ’ 

dl80 

3.736 g  cm"^ 

Electrical  resistivity  at  140°C 

Kinematic  viscosity  at  116°C 

0.5727  mm^  s"'  (=( 

at  184°C 

0.3785  mm^s-'  (=( 

Dynamic  viscosity  at  1 16°C 

2.268  m  Pa-s 

at  184°C 

1.414m  Pa-s 

Dielectric  constant  at  1 18°C 

11.08 

Heat  vaporization  at  boiling  point 

1 64.46  Jg-‘ 

Specific  heat  at  1 13.6-184“C 

0.3163Jg-‘K-‘ 

Gaseous  phase 

Vapor  density  at  101.3  MPa  185°C 

6.75  gl-‘ 

Entropy  at  298.2  K 

260.63  J  K-‘  mol"’ 

Specific  heat  25-1200°C 

0.1464Jg-‘  K-‘ 

TABLE  2.4  Solubility  of  iodine  in  various  solvents  at  25°C 


Solvent 

Solubility  (g  kg  ') 

Color 

Benzene 

164 

Red 

Butan-2-ol 

97 

Brown 

Carbon  disulfide 

197 

Red 

Carbon  tetrachloride 

19.2 

Violet 

Chloroform 

49.7 

Violet 

Ether 

337.3 

Brown 

Ethanol 

271.7 

Brown 

Ethyl  acetate 

157 

Brown 

Hexane 

13.2 

Violet 

Toluene 

182.5 

Red 

Water 

0.34 

Brown 

molecule  into  its  lowest  unoccupied  molecular  orbital  (LUMO).  This  lowers  the 
energy  of  the  transition  from  the  highest  occupied  molecular  orbital  (HOMO)  of  the 
iodine  atom  to  its  LUMO,  thereby  changing  the  color  from  the  characteristic  violet 
to  brown  and  other  colors.  Depending  on  the  electron-donating  ability  of  the  solvent, 
absorption  bands  are  observed  from  520  to  540  nm  in  hydrocarbon  and  chlorocarbon 
solvents,  from  490  to  510nm  in  aromatic  solvents,  and  from  450  to  480  nm  in 
alcohols  and  amines  [8,  9]. 
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TABLE  2.5  Solubility  of  iodine  in  water 


Temperature  (“C) 

Solubility  (g  1  ') 

0 

0.162 

20 

0.293 

25 

0.34 

30 

0.399 

40 

0.549 

50 

0.769 

60 

1.06 

70 

1.51 

80 

2.17 

90 

3.12 

100 

4.48 

110 

6.65 

TABLE  2.6  Solubility  of  iodine  in  an 
aqueous  solution  of  sodium  iodide 

Solubility  in  Nal  (aq) 

Temperature  (°C) 

(lOg/lOOml) 

10 

8.9 

20 

9.6 

30 

10.3 

40 

10.9 

50 

11.7 

60 

13.6 

The  physical  properties  of  the  first  four  halogens  are  summarized  in  Table  2.7. 

Bond  dissociation  energies  of  chlorine,  bromine,  and  iodine  decrease  down  the  hal¬ 
ogen  group  as  the  size  of  the  atom  increases.  The  bond  energy  of  fluorine  is,  however, 
lower  than  that  of  chlorine,  and  bromine  and  only  slightly  larger  than  iodine  because  of 
interelectronic  repulsions  present  in  the  small  atom  of  fluorine.  As  a  member  of  the  hal¬ 
ogen  family,  iodine  shares  many  of  the  typical  characteristics  of  the  other  elements  in 
group  17,  such  as  high  electronegativity  (2.66  according  to  the  Pauling  scale).  The  elec¬ 
tronegativity  decreases  on  descending  the  group  as  the  size  of  the  halogen  atom  increases. 

Due  to  increase  in  the  number  of  electron  shells  in  group  17  from  fluorine  to 
iodine  (because  of  which  the  effective  nuclear  charge  decreases  and  the  electron 
cloud  expands),  both  atomic  and  ionic  radii  increase.  The  ionic  radius  of  the  halide 
anion  is  greater  than  that  of  the  halogen  atom.  Further,  as  the  atomic  size  increases 
from  fluorine  to  iodine,  the  ionization  energy  decreases  on  going  down  the  group. 

The  melting  and  boiling  points  increase  down  the  group  because  the  size  of  the 
molecules  increases  down  the  group,  leading  to  an  increase  in  the  strength  of  the  van 
der  Waals  forces: 


Fj  <  Clj  <  Br^  <  Ij 
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TABLE  2.7  A  comparison  of  some  physical  properties  of  fluorine,  chlorine, 
bromine,  and  iodine 


Fluorine 

Chlorine 

Bromine 

Iodine 

9F 

17C1 

35Br 

531 

Electron  configuration 

[He]2s22p5 

[Ne]3s23p5 

[Ar]3d‘°4s^4p^ 

[Kr]4d‘°5s^5p^ 

First  ionization  energy(kj  mol“') 

1687 

1257 

1146 

1015 

Electron  affinity  (kj  moT') 

334 

355 

331 

301 

Electronegativity  (Allred-Rochow) 

4.1 

2.83 

2.74 

2.21 

Pauling 

3.98 

3.16 

2.96 

2.66 

Ionic  radius  (X“',pm) 

133 

181 

196 

220 

Covalent  radius  (r(X2)/2,  pm) 

71 

99 

114 

133 

van  der  Waals  radius  (pm) 

147 

175 

181 

198 

Melting  point  (K) 

40 

172.16 

265.9 

387 

Melting  point  (°C) 

-220 

-101 

-7 

114 

Boiling  point  (K) 

85 

239.1 

332 

457 

Boiling  point  (°C) 

-188 

-34 

59 

184 

Density  (g  cm"^  at  25  °C) 

0.0017 

0.0032 

3.1028 

4.933 

Bond  dissociation  energy 
(Xj,  kJ-mok') 

159 

242 

193 

151 

Hydration  energy  (X"',  kJ-mol“') 

485 

350 

320 

280 

Reduction  potential  EP  (V)  Vi 
(aq)-l-e“  =  X“' 

2.89 

1.40 

1.10 

0.62 

These  physical  properties  make  iodine  highly  reactive  and  prone  to  radical 
reactions.  As  a  consequence  of  its  high  electronegativity,  it  forms  iodides  with  most 
elements,  with  iodine  possessing  the  formal  oxidation  state  -1  (Table  5.6).  Iodine  is 
known  in  compounds  with  formal  oxidation  states  -1,  +1,  +3,  +5,  and  +7.  The  high 
formal  positive  oxidation  states  are  mainly  found  in  compounds  with  the  very  elec¬ 
tronegative  elements  oxygen  and  fluorine  (10, 10 j  ,  IO^y  IF^,  IF^,  IF.^)  (Chapter  5). 
However,  since  the  polarizability  of  iodine  is  high,  chemical  bonds  are  also  formed 
with  the  more  electropositive  elements  in  the  periodic  table,  and  these  tend  to  contain 
a  fair  degree  of  covalency. 

Due  to  ns^,  np^  configuration,  halogens  have  a  strong  tendency  to  accept  an  addi¬ 
tional  electron  and  convert  to  a  noble  gas  configuration.  Hence  they  have  large  neg¬ 
ative  electron  gain  enthalpies.  In  a  halogen  group  from  top  to  bottom,  the  electron 
gain  enthalpy  become  less  negative  due  to  increasing  size  from  fluorine  to  iodine 
(Table  2.7). 

Since  all  halogens  have  a  strong  tendency  to  accept  electrons,  they  act  as  good 
oxidizing  agents.  The  oxidizing  power  of  the  halogens  decreases  from  fluorine  to 
iodine.  Hence  iodide  ions  are  oxidized  to  iodine  with  either  chlorine  or  bromine  [10] 
(Table  2.8). 


2r(aq)  +  Cl,(g)^I,(s)  +  2Cr(aq) 
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TABLE  2.8  Reactions  of  the  halogens  with  ions  of  other  halogens 


Cl,  (aq) 

Br,  (aq) 

(aq) 

Cl-  faq) 

Stays  yellow  solution 
(no  reaction) 

Stays  brown  solution 
(no  reaction) 

Br"  faq) 

Orange  solution  forms 

Cl,  +  2Br-^2Cl-  +  Br, 

Stays  brown  solution 
(no  reaction) 

I-  (aq) 

Red  solution  forms 

C1,  +  2I-^2C1-+I, 

Red  solution  forms 

Br,  +  2I-^2Br-  +  I, 

On  the  contrary,  halide  ions  behave  as  reducing  agents.  Iodide  has  the  most  powerful 
reducing  ability  in  the  four  halogens. 

Least  powerful  F“<Cl“<Br"<I“  most  powerful. 
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3.1  DETERMINATION  OF  CONCENTRATION  OF  IODINE 
OR  IODIDES  IN  SOLUTION 

3.1.1  Introduction 

Iodine  is  one  of  the  essential  elements  for  human  nutrition.  It  is  estimated  that  more 
than  two  billion  people  have  insufficient  iodine  intake  and  are  at  risk  of  developing 
iodine  deficiency  [1].  Methods  are  required  to  affordably  and  accurately  quantify  iodine 
in  soil,  plants,  and  various  foods  and  in  physiological  samples,  notably  milk,  serum,  and 
urine,  to  properly  assess  iodine  nutrition.  Conventionally,  iodine  contents  of  salt  sam¬ 
ples  are  measured  using  the  iodometric  titration  method.  Addition  of  an  oxidizing  agent 
such  as  KMnO^  or  Br^  with  acid  liberates  free  iodine  from  iodide  in  the  salt  sample: 

lOr  +  16H^  +  2Mn04“  ^  51^  +  2Mn"^  +  SH^O 

Free  iodine  can  be  titrated  with  a  reducing  agent  such  as  thiosulfate: 

28203"' + 12  ^21+840/" 

However,  iodine  measurement  in  biological  samples  is  carried  out  almost  exclu¬ 
sively  by  one  of  two  methods:  One  is  a  kinetic  spectrophotometric  method  called  the 
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ANALYTICAL  METHODS  FOR  IODINE  AND  IODIDES 


Sandell-Kolthoff  reaction  based  on  the  reduction  of  yellow  Ce(IV)  by  As(III)  to 
colorless  Ce(III)  [2],  which  is  normally  very  slow.  This  reaction  is  catalyzed  hy  trace 
amounts  of  iodide.  The  reaction  is  as  follows: 

2Ce"^  +  21  2Ce"^  + 

As^^+Ij  ^As"^+2r 

The  rate  of  disappearance  of  the  yellow  color  in  a  Ce(IV)-As(III)  mixture  is 
monitored  as  a  measure  of  iodine  content.  Although  Ce(III)  is  fluorescent  254  nm, 
350  nm)  [2],  the  reaction  is  rarely  used  because  of  variable  amounts  of  ultraviolet 
(UV)-absorbing  species  that  may  be  present.  Since  many  organic  substances  can 
potentially  interfere  by  chelating  Ce(IV)  or  Ce(III)  [2,  3],  complete  mineralization  of 
the  sample  is  necessary  to  digest  the  organics.  As  this  digestion  step  typically  involves 
perchloric  acid,  special  hoods  and  precautions  are  required  because  of  explosion 
hazards.  Consequently,  other  methods,  for  example,  inductively  coupled  plasma 
mass  spectrometry  (ICP-MS),  are  used.  ICP-MS  permits  excellent  sensitivity  and,  in 
some  cases,  direct  sample  analysis  after  dilution.  However,  it  is  still  necessary  to  use 
an  internal  standard  to  account  for  matrix  effects  [4]. 

More  detailed  descriptions  for  these  analytical  methods  can  be  seen  in  the  follow¬ 
ing  sections. 


3.1.2  The  Sandell-Kolthoff  Reaction 

The  Sandell-Kolthoff  (S-K)  reaction  is  likely  to  be  the  most  widely  used  among  the 
techniques  for  quantifying  iodine.  The  decrease  in  absorbance  due  to  Ce(IV)  is 
typically  measured  at  405-420  nm,  although  the  maximum  sensitivity  can  be 
achieved  at  310-317  nm  [5,  6].  A  higher  concentration  of  thiocyanate  interferes  with 
the  reaction.  Traces  of  metal  ions  such  as  silver  or  mercury  also  interfere  hy  binding 
iodide.  Substances  that  readily  undergo  oxidation,  notably  nitrite,  ascorbic  acid,  and 
ferrous  iron,  also  interfere  [2,  3]. 

Determination  of  iodide  using  the  S-K  method  can  be  carried  out  in  two  different 
ways:  (i)  record  the  complete  absorbance  profile  with  time,  (ii)  measure  the  sample 
absorbance  after  some  preset  time  interval  following  mixing  of  all  components.  Most 
often  (ii)  is  used  for  higher  throughput.  The  iodine  concentration  can  be  determined 
directly  from  the  difference  in  absorbance  between  a  blank  and  the  sample  at  any 
time  following  the  reaction  [5]. 

The  S-K  method  is  an  effective  way  to  measure  iodine  in  complex  samples,  but  it 
is  apparent  that  the  sample  preparation  methods  are  onerous  [7],  leading  to  a  major 
bottleneck  when  a  large  number  of  samples  are  to  be  analyzed.  In  some  of  the 
digestion  methods,  if  digestion  is  conducted  with  multiple  samples  in  a  closed 
system,  some  iodine  escapes  into  the  gas  phase  from  high-concentration  samples  and 
is  reabsorbed  by  other  samples  [8]. 

A  very  current  adaptation  of  the  S-K  method  is  on  microtiter  plates  with  multi¬ 
channel  plate  readers.  These  can  provide  high  sample  throughput  and  reduce  the 
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amount  of  waste  per  sample  [9-11],  although  the  Technicon  Autoanalyzer  and 
equivalent  segmented  flow  analyzers  are  still  in  use  [7]. 

The  S-K  reaction  was  successfully  applied  to  the  analysis  of  protein-hound 
and  total  inorganic  serum  iodine,  urinary  iodide,  plant  material,  food,  tissue,  feces, 
amniotic  fluid,  and  coal.  The  sensitivity  of  the  S-K  assay  is  excellent;  therefore 
iodine  instead  of  radionuclides  was  used  to  tag  antibodies  [12]. 

3.1.3  Inductively  Coupled  Plasma  Mass  Spectrometry 

ICP-MS  is  a  type  of  mass  spectrometry  that  can  detect  metals  and  several  nonmetals 
at  concentrations  as  low  as  1  part  in  10'^.  This  is  achieved  by  ionizing  the  sample  with 
inductively  coupled  plasma  and  then  using  a  mass  spectrometer  to  separate  and  quan¬ 
tify  those  ions.  In  a  typical  ICP-MS,  microwave  or  radio  frequency  power  is  applied 
through  an  induction  coil  to  generate  high-temperature  argon  plasmas  of  4,500- 
8,000  K,  with  an  electron  temperature  of  8,000-10,000  K.  The  plasma  atomizes  the 
sample  and  strips  the  atoms  of  one  or  more  valence  electrons.  The  resulting  positive 
ions  then  enter  a  single  quadrupole  mass  analyzer  for  sorting  out  ions  of  different  mJz 
and  are  then  detected  [13].  Iodine  has  a  relatively  high  first  ionization  potential  (IP  to 
form  P)  of  10  eV  [14].  Thus,  the  iodine  present  is  only  partially  ionized  (-25%).  While 
this  does  not  make  iodine  the  most  sensitive  among  elements  to  be  measured  by 
ICP-MS,  the  sensitivity  for  iodine  in  ICP-MS  is  superior  compared  to  other  techniques 
for  iodine  measurement.  In  addition,  a  very  large  linear  dynamic  range  can  be  attained. 
Accordingly,  some  dilution  is  needed  to  minimize  the  very  high  salt/dissolved  solids 
contents.  It  is  essential  to  correct  for  matrix  effects,  which  are  best  compensated  for  by 
using  isotope  dilution  mass  spectrometry  with  '^^I  as  an  isotopic  with  tracer  [4,  14]. 

An  ICP-MS  can  be  used  as  an  element  specific  detector,  although  it  cannot  itself 
distinguish  between  different  species  of  a  particular  element.  It  is  invaluable  as  a 
detector  when  used  in  conjunction  with  liquid  or  ion  chromatography  [15-19]  or 
capillary  electrophoresis  [20]  for  speciation  studies. 

3.1.4  Electrochemical  and  Potentiometric  Probes 

Ion-selective  electrodes  (ISEs)  are  commercially  available  for  iodide  and  have  been 
applied  for  the  determination  of  iodide  [21,  22].  A  direct  measurement  of  iodine  in 
milk  and  similar  beverages  by  ISEs  was  compared  with  that  by  the  S-K  method.  The 
S-K  method  produced  poorer  results,  which  the  authors  attributed  to  losses  during 
digestion  [21].  The  response  of  the  ISEs  was  found  to  be  nonlinear  below  20 /<M  but 
was  linear  up  to  1  mM.  It  takes  5-10  min  to  stabilize. 

Commercial  iodide  ISEs  are  based  on  insoluble  silver  salt  membranes  and  respond 
to  high  levels  of  other  anions  that  form  insoluble  silver  salts,  notably  other  halides 
and  pseudohalides.  In  recent  years,  much  effort  has  been  devoted  to  synthesizing 
iodide-selective  ionophores  that  have  greater  selectivity  than  silver  salt-based  ISEs; 
these  efforts  were  covered  in  a  review  [23].  Electrochemical  detection  in  general  and 
amperometric  detection  in  particular  are  popular  for  iodine  determination  because  of 
the  fast  response  time  and  sensitivity  for  the  analyte  of  interest. 
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3.2  RAMAN  SPECTROSCOPIC  ANALYSIS  OF  POLYIODIDES 

Although  solid  iodine  has  a  Raman-active  mode  at  180  cm"',  no  spectral  features  are 
seen  in  the  infrared  (IR)  spectra  as  a  result  of  the  symmetry  selection  rules  [24-26]. 
The  Vj  symmetric  mode  for  molten  and  gaseous  iodine  are  at  194  and  213  cm"', 
respectively  [27,  28].  Spectral  features  for  molten  iodine  indicating  the  presence  of 
I3"  and  (Ij)^  cluster  formation  have  also  been  detected  [27].  As  becomes  coordinated 
to  a  donor,  the  force  constant  is  reduced  and  the  mode  shifts  to  lower  wavenumbers 
[29,  30].  This  is  due  to  electron  density  donation  into  the  cr*  antibonding  orbital  of 
iodine.  Usually,  coordination  to  the  donor  species  also  lowers  the  symmetry  of  iodine. 
As  a  result  the  Vj  mode  becomes  IR-active.  Classical  examples  of  this  type  of  donor- 
acceptor  interaction  are  solutions  of  iodine  in  different  organic  solvents  [31]. 

Iodine  molecule  (I^)  and  the  Lewis  base  donors  I"  and  I3"  can  be  regarded  as  the 
main  building  blocks  of  polyiodides  [24,  30b,  32].  Polyiodides  do  not  exist  as  dis¬ 
crete  entities  but  are  always  a  combination  of  molecules  and  I"  and/or  I3"  anion 
chains  [24,  25].  They  can  be  described  by  the  following  formula:  -H nl" ^  Ip^^^ "", 

leading  to  several  possible  structures.  For  instance,  I3"  might  be  a  three-body  system 
(I-I-I,  I3"  entity)  or  asymmetric  anions  consisting  of  molecules  weakly  interacting 
with  I"  ions  [24,  25,  30b,  32-35].  In  the  same  way,  an  Ij"  anion  can  be  described  as 
an  I3"  entity  associated  to  an  molecule  (I3"T2)  or  as  two  molecules  in  interaction 
with  an  I"  ion  (2I3  I").  The  Raman  spectra  of  [H30(dibenzo-18-crown-6)][l3], 
[H30(dibenzo-18-crown-6)][Ij],  and  [H30(dibenzo-18-crown-6)][l3]  are  shown  in 
Figure  3.1  [36].  In  addition,  polyiodides  can  display  several  shapes  such  as  linear,  V 
or  L  shape.  Also,  a  large  variety  of  polyiodides  can  be  synthesized  [24].  Table  1 
reports  the  Raman  mode  frequencies  for  the  main  short  I  ""  chains  reported  in  the 
literature  [24,  25,  30b,  32-35],  as  summarized  in  Table  3.1. 


FIGURE  3.1  Raman  spectra  of  fa)  [HjOfdibenzo-lS-crown-hllflj],  (b)  [HjOfdibenzo-lS- 
crown-b)])!^],  and  (c)  [HjOfdibenzo-lS-crown-b)]!!,].  Reproduced  with  permission  from  Ref. 
[36]  ©  2000,  The  Royal  Society  of  Chemistry. 
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TABLE  3.1  Raman  frequencies  for  main  poly  iodides  reported  in  literature 


Iodine  species 

Raman  frequency  (cm  ') 

References 

174  s 

[24,  30b,  32-34] 

Symmetric  I3  (I-I-I) 

110s 

[24,  30b,  32-35] 

Asymmetric  Ij“  (Ij-I") 

167  s,  143  w,  114w 

[30b,  32-34] 

I5"  linear  (Ij-E-I^) 

160  s,  104  w 

[30b,  32-34] 

I5-V  shaped  (lyl-d^) 

167  s,  131m,  114w 

[30b] 

I5"  L  shaped  (Ij"-!^) 

164  s,  135  m,  106w 

[32] 

m,  medium;  s,  strong;  w,  weak 


3.3  X-RAY  ABSORPTION  SPECTROSCOPIC  ANALYSIS 
OF  IODINE  AND  IODIDES 

Photoabsorption  in  the  X-ray  range,  which  involves  electronic  transition  from  core 
levels  to  bound  unfilled  valence  molecular/atomic  orbitals  or  to  the  unbound  con¬ 
tinuum  states,  can  be  used  to  obtain  element- specific  information  about  local 
geometric  and  electronic  structure  around  the  X-ray-absorbing  atom.  Depending  on 
the  excess  energy  above  the  core  excitation  threshold,  the  fine  structure  in  the  X-ray 
absorption  coefficient  is  called  XANES  (X-ray  absorption  near-edge  fine  structure) 
or  EXAFS  (extended  X-ray  absorption  fine  structure).  XANES  usually  refers  to  the 
fine  structure  in  the  X-ray  absorption  coefficient  in  the  X-ray  photon  energy  range  of 
approximately  50  eV  above  the  threshold  and  provides  information  about  unoccupied 
valence  electronic  states  as  well  as  local  coordination  environment  of  the  X-ray- 
absorbing  atom.  EXAFS  refers  to  the  oscillatory  fine  structure  farther  above  the 
XANES  energy  range.  Local  structural  information  such  as  interatomic  distances, 
coordination  numbers,  and  Debye-Waller  parameters,  which  are  complementary  to 
the  vibration  frequencies  obtained  by  IR  and  Raman  spectroscopy,  can  be  obtained 
by  analyzing  the  EXAFS  part  of  the  X-ray  absorption  spectra  [37].  In  case  of  iodine, 
the  core  levels  whose  binding  energies  lie  in  the  hard  X-ray  range  are  Is  (K  edge, 
33,169eV),  2s  (L^  edge,  5,188eV),  2pj,2  (L,,  edge,  4,852eV),  and  (L^  edge, 
4,557  eV)  [38].  Corresponding  X-ray  absorption  edges  can  be  routinely  measured 
using  the  conventional  setup,  which  is  widely  available  at  hard  X-ray  beamlines  in 
synchrotron  facilities.  For  EXAFS  analysis,  the  iodine  K  edge  is  more  advantageous 
than  iodine  L  edges  where  the  intervals  between  the  absorption  thresholds  are  smaller. 
L  edges  are  advantageous  in  XANES  because  the  corehole  lifetime  broadening  is 
smaller  than  the  K  edge  and  higher  spectral  resolution  is  possible.  Nevertheless,  the 
Ljjj  edge  can  still  be  useful  for  EXAFS  analysis  when  the  information  contained  in 
the  photoelectron  wavenumber  A: <8. 8 A"'  (corresponding  to  the  Ljj-Ljj  energy 
interval)  is  sufficient.  This  is  often  the  case  when  the  neighboring  atoms  are  light 
elements  (such  as  C  or  O)  or  considerable  structural  disorder  is  present,  which  in  any 
case  suppress  the  EXAFS  signal  at  higher  k.  Although  the  method  of  EXAFS  anal¬ 
ysis  is  in  principle  independent  of  the  element  under  investigation,  there  are  a  few 
points  that  are  to  some  extent  specific  to  iodine  that  are  worth  mentioning.  One  is  that 
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FIGURE  3.2  Iodine  K-edge  EXAFS  Fourier  transforms  for  solutions  of  some 
organic  solvents.  Reproduced  with  permission  from  Ref.  [41]  ©  2001,  International  Union 
of  Crystallography. 


there  are  noticeable  contributions  from  multielectron  excitations  in  the  iodine  K-edge 
X-ray  absorption  spectrum,  which  require  special  care  in  extracting  EXAFS  oscilla¬ 
tion  from  raw  data  [39].  Another  is  a  minimum  in  the  backscattering  amplitude, 
which  is  common  in  the  heavier  elements.  This  causes  a  minimum  in  the  envelope 
function  of  the  EXAFS  oscillation,  which  should  not  be  confused  with  the  beat  node 
that  appears  when  two  different  interatomic  distances  are  present  [37]. 

Iodine  EXAFS  data  of  samples  that  contain  iodine  molecule  or  polyiodide  ions 
where  the  nearest  neighbor  atom  of  X-ray-absorbing  iodine  atom  is  iodine  are  dom¬ 
inated  by  the  I-I  backscattering  signal.  From  this,  it  is  possible  to  determine  the  I-I 
interatomic  distance  and  the  amplitude  of  the  molecular  vibration  of  iodine  mole¬ 
cule  Ij  in  various  environments  [40]  or  polyiodide  1^“  in  various  solvents  (Fig.  3.2) 
[41].  In  favorable  cases  it  is  possible  to  quantify  the  iodine  and  polyiodide  species 
(quantify  the  content  of  I^,  I^",  and  1^“)  that  are  present  in  the  sample  [42].  EXAFS 
has  also  been  useful  in  determining  the  hydration  structure  of  iodide  or  iodate  ions 
[43-45].  EXAFS  is  also  useful  in  studying  the  local  structure  of  crystalline  mate¬ 
rials:  it  has  been  used  in  studying  the  thermal  motion  of  ions  in  superionic  conductor 
Agl  [46-48]. 

The  XANES  part  of  the  spectra  can  be  used  as  a  fingerprint  for  the  determination 
of  iodine/iodide  species  in  unknown  samples  [49,  50].  In  particular,  in  iodine  mole¬ 
cules  or  polyiodide  ions  where  the  5p(T*  molecular  orbital  is  not  completely  filled, 
iodine  L^-edge  X-ray  absorption  spectra  shows  a  sharp  peak  at  the  absorption 
threshold,  which  corresponds  to  iodine  2s  ^  5p(T*  transition,  and  the  intensity  of  this 
peak  can  be  a  quantitative  measure  of  the  valency  of  the  iodine/iodide  species  in  the 
sample  under  study  [51].  It  is  also  possible  to  determine  the  three-dimensional  local 
structure  around  the  X-ray-absorbing  iodine  atom  as  well  as  the  electronic  structure 
by  performing  multiple-scattering  XANES  calculation  from  structural  models  and 
comparing  the  calculated  spectra  with  the  experiment  [52-54]. 
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4.1  GENERAL  PRINCIPLES  AND  INSTRUMENTATION 

Since  its  development  by  Small  and  coworkers  in  1975  [1],  ion  chromatography  (IC) 
has  become  a  widely  used  analytical  technique  for  the  separation  of  charged  species. 
The  original  method  made  use  of  two  columns  packed  with  ion-exchange  resins 
for  separating  ions  and  suppressing  the  conductance  of  the  eluant.  The  exchange 
equilibrium  of  the  analyte  ions  in  a  solution  between  the  stationary  phase  and  the  eluent 
is  the  basis  of  the  separation  process.  Most  of  the  stationary  phases  employed  in  IC 
have  functional  groups  with  charged  or  chargeable  moieties.  Retention  depends  on  the 
affinity  of  the  analyte  ions  for  the  ion-exchange  sites  on  the  stationary  phase.  Having  a 
high  affinity  for  the  ion-exchange  sites,  the  analyte  ions  retain  on  the  stationary  phase 
longer  than  the  analyte  ions  of  a  lower  affinity.  The  choice  of  the  separation  mode, 
whether  through  ion  exchange,  ion  exclusion,  ion  pair,  partitioning,  adsorption,  or 
zwitterionic  interaction,  depends  on  the  properties  of  the  analyzed  samples. 

IC  has  made  a  rapid  progress  and  considerable  advance.  At  present,  it  is  regarded  as 
a  very  useful  analytical  technique  that  is  not  limited  only  to  simple  ions.  More  and  more 
frequently,  IC  is  applied  in  routine  analyses,  especially  for  environmental  samples. 
A  number  of  reviews,  detailed  studies,  and  textbooks  concerning  fundamentals  of 
the  technique,  its  developments,  and  wide  applications  have  been  published  on  the 
subject  of  IC  so  far  [2-8]. 


Iodine  Chemistry  and  Applications,  First  Edition.  Edited  by  Tatsuo  Kaiho. 
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4.2  STATIONARY  PHASES  USED  EOR IC  OF  IODINE  SPECIES 

Ion  exchangers  can  be  classified  as  strong  or  weak  anion  exchangers  or  strong  or 
weak  cation  exchangers.  Strong  ion  exchangers  retain  their  charge  over  the  entire  pH 
range,  whereas  weak  ion  exchangers  are  ionized  over  a  narrow  pH  range.  Generally, 
weak  anion  exchangers  are  formed  through  the  addition  of  a  primary  amine  on  the 
stationary-phase  matrix,  and  strong  anion-exchange  resins  contain  quaternary 
ammonium  groups.  The  influence  of  the  internal  structure  of  the  resin  beads,  that  is, 
whether  microporous  (gel-type)  or  macroporous  particle  size  or  type  of  support  (usu¬ 
ally  silica  or  copolymer  of  styrene  with  divinylbenzene  (PS/DVB))  on  the  separation 
process  of  ions  is  discussed  elsewhere  [4,  5]. 

Iodide  is  a  very  polarizable  anion  with  a  relatively  high  lipophilic  character.  It 
is  strongly  retained  on  the  PS/DVB  support  material  due  to  secondary,  nonionic 
interactions  with  H-electrons.  Possible  problems  with  peak  tailing  can  be  solved 
by  the  use  of  a  lafex  anion  exchanger  with  lipophobic  quaternary  ammonium 
functions  [9]. 

Many  studies  concerning  modification  of  silica  or  polymeric  supports  for  separation 
of  iodine  species  have  already  been  published.  In  one  of  them,  polyethylene  glycol 
(PEG)  permanently  coated  on  a  hydrophobic  surface  was  applied  for  the  separation  of 
ultraviolet  (UV)-absorbing  anions  (iodate,  nitrate,  iodide,  and  thiocyanate).  IC  deter¬ 
mination  was  achieved  on  a  conventional- size  C30  (triacontyl-functionalized  silica) 
column  permanently  coated  with  PEG  (Develosil  C30-UG-5  column,  150x4.6  mm  i.d. 
with  5%  PEG-20000).  High-concentration  eluents  were  used  for  the  separation  of  anions 
in  the  partition  mode.  The  applied  chromatographic  conditions  enabled  analyzing 
seawater  samples  without  any  disturbance  due  to  complex  matrix  (high  concentration 
of  chlorides)  [10]. 

IC  also  utilizes  crown  ethers  as  eluent  additives  or  as  bonded  to  the  stationary 
phase.  The  ability  of  crown  ethers  to  selectively  complex  ions  was  used  for  separa¬ 
tion  of  anions,  including  iodide.  Anions  can  be  retained  via  electrostatic  interaction 
with  the  eluent  cation  trapped  on  the  crown  ether.  Cyclic  polyoxyethylene  (POE) 
added  to  an  eluent  together  with  a  hydrophobic  stationary  phase  were  applied  for 
the  separation  of  iodine  species  by  Lim  et  al.  [11].  Iodate,  bromate,  nitrite,  bromide, 
nitrate,  iodide,  and  thiocyanate  were  determined  in  saliva  samples  on  a  Methyl- 
120E-bonded  stationary  phase  [12].  Anions  were  detected  at  220  nm.  The  authors 
suggested  that  although  POE  does  not  possess  ion-exchange  sites,  there  are  ion- 
dipole  interactions  between  multiple  POE  chains  (chemically  bonded  POE  stationary 
phase)  and  eluent  cations  (working  as  the  anion-exchange  sites  when  trapped 
among  POE  chains).  Thus,  the  retention  mode  of  iodide  was  through  ion  exchange. 
Recently,  iodide  was  well- separated  from  other  anions  on  a  chemically  bonded 
18-crown-6  ether  (18C6E)  stationary  phase  in  capillary  ion  chromatography  (CIC 
or  CapIC)  [13].  The  capillary  format  provides  the  advantage  of  significantly  reduced 
eluent  consumption,  so  operating  costs  are  reduced.  In  the  cited  study  the  18C6E 
groups  (interacting  with  eluent  cations)  were  chemically  bonded  on  a  silica  gel  by 
reacting  with  3-glycidyloxypropyltrimethoxysilane,  followed  by  reaction  with 
2-aminomethyl-18C6E.  The  eluent  cation  and  eluent  anion  as  well  as  the  eluent 
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FIGURE  4.1  Ion  chromatograms  of  a  mixture  of  UV-absorbing  anions  (a)  and  saliva  sample 
(b)  achieved  on  an  18C6E  column.  Reproduced  with  permission  from  Ref.  [13]  ©  The  Japan 
Society  for  Analytical  Chemistry. 

concentration  affected  the  retention  of  the  analyte  anions.  A  different  selectivity  was 
achieved  by  using  an  acetonitrile-rich  eluent.  UV  detection  was  used  for  determination 
of  iodide  in  saliva  samples. 

Figure  4.1  shows  the  ion  chromatograms  of  authentic  mixture  of  seven 
UV-absorbing  anions  (lOj”,  BrOj",  Bu,  NO^”,  NOj”,  I“,  SCN“)  and  UV-absorbing 
species  contained  in  a  saliva  sample  achieved  on  18C6E  column,  100x0.53  mm  i.d. 
at  210nm  (flow  rate;  S.Opl  min“*,  eluent:  100 mM  KCl). 

C30  dynamically  modified  with  18C6E  stationary  phase  was  prepared  by  the 
authors  of  the  previous  study  [14].  Free  and  cation-trapped  crown  ether  molecules  in 
the  eluent  were  adsorbed  on  a  similar  hydrophobic  stationary  phase.  The  size  of  the 
crown  ether,  the  size  of  the  salt  cation,  and  concentrations  of  acetonitrile  and  crown 
ether  as  well  as  eluent  anion  affected  the  retention  of  analyte  anions. 

Generally,  three  types  of  columns  have  been  used  in  CIC,  that  is,  packed,  open 
tubular,  and  monolithic  columns.  CIC  separation  of  iodide  from  other  anions  was 
achieved  on  a  laboratory-made  capillary  column  (100x0. 32mm  i.d.)  packed  with 
triacontyl-functionalized  silica,  followed  by  a  modification  with  hexadimethrine 
bromide  (HDMB).  Also,  1  mM  sodium  chloride-acetonitrile  (95  : 5,  v/v)  was  used  as 
the  eluent  and  UV-absorbing  analyte  anions  were  detected  at  225  nm.  Iodide  was 
determined  within  7  min.  The  effects  of  the  eluent  composition  on  the  retention 
behavior  of  inorganic  anions  were  investigated.  The  addition  of  a  small  amount  of  an 
organic  substance  in  an  eluent,  such  as  acetonitrile,  increased  the  retention  of  iodide, 
while  the  addition  of  methanol  decreased  its  retention.  The  method  was  successfully 
applied  for  rapid  and  direct  determination  of  iodide  in  seawater  without  any  precon¬ 
centration  procedure  [15]. 
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A  pyridine  stationary  phase  commercially  available  for  hydrophilic  interaction 
chromatography  (HILIC)  was  used  for  the  ion-exchange  separation  and  determina¬ 
tion  in  saliva  samples  of  inorganic  anions  (including  iodate  and  iodide)  under  acidic 
eluent  conditions  [16].  The  cetyltrimethylammonium  (CTA'^)-coated  Octadecylsilane 
(ODS)  column  with  a  high  anion-exchange  capacity  effectively  separated  iodide  ions 
from  deep  seawater.  Iodides  were  concentrated  on  the  column  and  eluted  by  perchlorate 
ions  [17]. 

Introduction  of  monolithic  separation  columns  resulted  in  tremendous  progress  in 
expanding  application  areas  of  CIC.  Monoliths  have  several  important  advantages 
over  particle-based  columns  improving  separation  of  ions,  for  example,  better 
efficiency  (limiting  band  broadening)  or  significantly  higher  speed  of  separation.  It 
has  been  reported  that  separation  of  ions  by  IC  on  polymer-based  monoliths  is  less 
effective  than  on  silica  monoliths  (the  surface  area  available  for  modification  with  the 
desired  functional  groups  is  reduced  for  polymer-based  columns).  While  pH  stability 
is  definitely  better  for  organic  polymeric  monoliths  (pH  1-12),  separation  efficiency 
is  undoubtedly  better  for  silica  monoliths  [18].  Both  polymer-  and  silica-based 
monolithic  stationary  phases  can  be  modified  to  suit  a  variety  of  applications  in  the 
iodine  research  field. 

Iodide,  iodate,  or  both  species  of  inorganic  iodine  can  be  separated  from  other 
anions  on  monolithic  ion  exchangers,  such  as  C18  silica,  dynamically  or  semiperma¬ 
nently  coated  with  suitable  charged  surfactants;  for  example,  commercially  available 
Chromolith  Speed  ROD  Cl 8  silica  monolith  with  UV  or  conductivity  detection 
was  applied  for  I"  determination  [19].  The  same  monolithic  support  coated  with 
didodecyldimethylammonium  bromide  (DDAB)  and  suppressed  conductivity  was 
used  for  lO^”  determination  [20],  while  Chromolith  Flash  C18  silica  coated  with 
DDAB  with  direct  conductivity  was  used  for  1“  determination  [21].  Chromolith  guard 
cartridges  C18  silica  monolith  coated  with  DDAB  with  suppressed  conductivity 
detection  were  useful  for  lOj”  determination  [22]. 

Rapid  separation  of  a  mixture  of  inorganic  anions,  including  1“  and  lOj”,  on  short 
monolithic  columns  (Chromolith  Cl 8  silica  monolith)  permanently  coated  with  a  long- 
chained  zwitterionic  carboxybetaine-type  surfactant  (A-dodecyl-A(A-(dimethylammonio) 
undecanoate  (DDMAU))  was  reported  by  O.  Rfordain  et  al.  [23]. 

Both  monolithic  and  particle-packed  reversed  phase  (RP)  columns  dynamically 
coated  with  other  zwitterionic  surfactant-(dodecyldimethyl-amino)  acetic  acid 
(DDMAA)  were  applied  in  the  separation  of  simple  anions  [24].  The  retention  time 
of  iodide  for  the  monolithic-type  column  was  reduced  almost  four  times  comparing 
with  the  particle-packed  column.  The  flow  and  pH  gradients  were  applied  in  order  to 
control  selectivity  of  the  separation. 

A  bare  silica  monolith  can  be  converted  to  an  anion  exchanger  by  coating,  for 
instance,  with  cetyltrimethylammonium  chloride  (CTAC)  [25].  lOj”  can  be  determined 
in  less  than  1  min  on  such  a  stationary  phase  [26].  The  same  anion  was  separated  on 
a  latex-coated  monolithic  polymeric  stationary  phase  that  was  prepared  by  the  in 
situ  polymerization  of  butyl  methacrylate,  ethylene  dimethacrylate  (EDMA),  and 
2-acrylamido-2-methyl-l-propanesulfonic  acid  within  fused-silica  capillaries  of  varying 
internal  diameters  (micro-IC).  Introduction  of  ion-exchange  sites  was  achieved  by 
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coating  the  anionic  polymeric  monolith  with  either  Dionex  AS  10  or  Dionex  AS  18 
quaternary  ammonium  functionalized  latex  particles  [27].  An  extensive  review  on 
the  recent  development  of  monolithic  stationary  phases  with  the  emphasis  on  micro¬ 
scale  chromatographic  separation  can  be  found  in  the  literature  [28].  The  latex-coated 
silica  monolith  enables  fast  separation  (within  2.5  min)  of  CH^COO”,  HCOO“,  NO^”, 
BrOj”,  SCN",  and  I“.  Mixed  mode  retention  of  the  mentioned  ions  has  been  reported 
[29].  Takahashi  et  al.  [30]  described  separation  of  lO^”,  NO^”,  Br",  NO^",  and  1“  using 
a  methacrylate-based  anion-exchange  monolithic  column  prepared  by  low-temperature 
UV  photopolymerization.  Fast  gradient  elution  at  a  flow  rate  of  32  mm  s“'  resulted 
in  rapid  and  precise  separation  of  the  mentioned  anions  within  20  s.  Glenn  et  al. 

[31]  compared  a  reversed-phase  silica  monolith,  converted  into  an  anion-exchange 
column  by  coating  with  the  cationic  surfactant  (DDAB),  with  a  silica  monolith  column 
(Merck  Chromolith,  100x4.6  mm)  coated  with  Dionex  AS9-SC  latex  nanoparticles. 
Separations  of  common  inorganic  anions  were  carried  out  using  7.5  or  5.0mM 
4-hydroxybenzoic  acid  at  pH  7.0  along  with  suppressed  conductivity  detection.  The 
findings  indicate  that  the  latex-coated  column  was  on  average  50%  more  efficient 
than  the  DDAB -coated  column.  However,  iodide  was  eluted  faster  from  the  DDAB- 
coated  column  (~7  min)  than  from  the  latex-coated  column  (~  12 min).  In  both  cases, 
no  problems  with  resolution  of  peaks  were  observed. 

Other  studies  describe  preparation  of  the  SiO^  monolith  column  modified 
through  in  situ  covalent  attachment  of  lysine  (2,6-diaminohexanoic  acid)  groups 

[32] .  The  stationary  phase  of  zwitterionic  nature  enabled  fast  (within  ~100s) 
separation  of  nitrite,  bromate,  bromide,  nitrate,  iodide,  and  thiocyanate.  At  pH 
3.0  the  lysine  column  exhibited  the  best  retention  and  resolution  of  the  anion 
mixture  (Fig.  4.2). 


FIGURE  4.2  Separation  of  selected  anions  using  a  lysine-modified  silica  monolith. 
Separation  conditions:  Eluent:  50mM  phosphate  buffer,  detection:  UV  detection  at  214nm 
and  flow  rate:  4.9ml  min"'.  Reproduced  with  permission  from  Ref.  [32]  ©  Elsevier. 
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The  AS18-coated  GMA-co-EDMA  (glycidyl  methacrylate/ethylene  dimethacrylate) 
monolith,  sulfonated  with  the  use  of  a  solution  of  sodium  sulfate  and  coated  with  the 
latex  nanoparticles,  has  been  reported  as  a  suitable  anion-exchange  capillary  column 
( 143  mm  X  250  pm  i.d.)  for  iodide  determination  among  nitrite,  bromate,  nitrate, 
bromide,  and  benzenesulfonate  [3].  The  previous  studies  referred  to  the  analysis  of 
the  same  anions  on  the  same  type  of  stationary  phase  (348  mm  x  250  pm  i.d.);  how¬ 
ever,  the  stationary  phase  was  prepared  by  ring  opening  of  the  epoxy  groups  through 
reaction  with  thiobenzoic  acid  in  the  presence  of  triethylamine  in  acetonitrile  at  60°C 
and  followed  by  flushing  with  methanol.  The  generated  thiol  groups  were  oxidized 
using  tert-butyl  hydroperoxide  before  coating  with  the  latex  nanoparticles  [7].  The 
Onyx  C 1 8  capillary  silica  monolith  with  DDMAU  has  been  reported  as  a  column  for 
separation  of  IO3-,  BrOj",  NO^-,  Br,  NO3-,  E,  SO/",  SCN",  and  CIO^"  [33].  ProSwifEM 
SAX-IS,  a  commercially  available  polymethacrylate-based  monolithic  strong  anion- 
exchange  column,  enabled  fast  (<0.5  min)  determination  of  103“  and  other  anions 
(F“,  Br“,  PO^^“,  N03",  S0^^“,  Br03")  in  the  presence  of  a  seawater  sample  matrix  [34]. 

There  are  many  chromatographic  columns  for  the  iodine  species  analysis  avail¬ 
able  on  the  market,  mainly  manufactured  by  Dionex  (Thermo  Scientific)  (USA)  and 
Metrohm  (CH)  companies.  Among  them  lonPac  AS  20,  lonPac  AS  16,  lonPac  AS  1 1 
(from  Dionex),  and  Metrosep  A  Supp  4,  Metrosep  A  Supp  5,  Metrosep  A  Supp  7, 
METROSEP  Anion  Dual  (from  Metrohm)  are  the  most  frequently  applied,  both  in 
environmental  and  in  biomedical  analyses  of  samples  containing  iodine  species. 
General  description  and  main  applications  of  the  commercially  available  columns 
are  presented  in  Table  4.1. 


4.3  MOBILE  PHASES 

It  is  obvious  that  the  choice  of  eluent  used  in  a  particular  separation  must  be  compat¬ 
ible  with  the  mode  of  detection  employed  in  the  system.  Generally,  for  ion-exchange 
columns  available  for  iodine  determination,  organic  solvents  are  not  necessary;  how¬ 
ever,  since  most  of  the  columns  are  100%  high-performance  liquid  chromatography 
(HPLC)  solvent  compatible,  they  can  be  used  to  modify  ion-exchange  selectivity.  In 
the  case  of  lonPAc  AS  1 1  the  addition  of  methanol  or  acetonitrile  to  the  mobile  phase 
decreases  retention  and  increases  efficiency  of  the  iodide  peak.  Figure  4.3  shows  the 
effect  of  different  concentrations  of  methanol  on  IC  separation  of  a  mixture  of  nine 
anions  including  iodide. 

Organic  solvents  can  be  added  to  the  ionic  eluents  used  with  lonPac  AS  1 6  columns 
in  order  to  modify  the  ion-exchange  process  or  improve  sample  solubility,  although 
the  optimal  separation  of  nine  anions  including  iodide  does  not  require  the  use  of  an 
organic  solvent  in  the  mobile  phase.  About  22  mM  NaOH  is  the  optimum  for  the  sep¬ 
aration  of  anions  including  iodide  [49].  The  Ion  Pac  AS20  can  withstand  common 
HPLC  solvents  in  a  concentration  range  of  0-100%.  Twenty-three  anions,  including 
iodide,  were  separated  to  the  baseline  in  less  than  30  min  applying  gradient  elution 
with  KOH  solution  (from  5  to  55  mM)  [50].  When  hydrophilic  stationary  phases  are 
used  for  determination  of  iodide,  usually  a  carbonate  eluent  is  applied  with  addition 


TABLE  4.1  Presentation  of  selected  columns  available  on  the  market  for  the  determination  of  iodine  species  by  the  use  of  IC 
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FIGURE  4.3  Effect  of  solvent  on  highly  retained  inorganic  anions  including  iodide,  thiocya¬ 
nate,  and  perchlorate  achieved  on  lonPac  AS  11(1  =  fluoride,  2  =  chloride,  3  =  nitrate,  4  =  sulfate, 
5  =  phosphate,  6  =  iodide,  7 = thiocyanate,  8  =  thiosulfate,  9  =  perchlorate.  Adapted  from  Ref.  [48] 
©  Dionex. 


of  NaHCOj  to  stabilize  pH.  Due  to  the  increase  of  conductivity,  amperometric  detection 
(AD)  is  favored.  Helium  is  recommended  to  purge  and  degas  ionic  eluents  contain¬ 
ing  organic  solvents,  since  nitrogen  is  soluble  in  solvent-containing  eluents. 


4.4  DETECTION  OF  IODINE  SPECIES  IN  IC 

In  order  to  determine  iodine  species,  numerous  methods  have  been  developed  to  com¬ 
bine  highly  selective  IC  columns  with  highly  sensitive  detection.  At  present,  there  are 
two  main  types  of  IC:  suppressed  IC  and  nonsuppressed  IC.  Conductivity  detection  is 
considered  a  universal  detector  in  IC  as  all  ions  are  electrically  conducting. 
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The  main  advances  made  in  nonsuppressed  IC  were  due  to  the  use  of  ion-exchange 
resins  with  low  capacity  since  such  resins  require  a  lower  concentration  of  eluent  and 
thus  low  background  conductance  is  maintained  in  a  chromatographic  system. 
Applications  of  coupling  of  nonsuppressed  IC  with  other  techniques  for  iodine  specia- 
tion  analysis  are  discussed  in  the  section  entitled  “Speciation  analysis  involving  IC.” 

Although  adding  some  extra  hardware  increases  the  overall  dead  volume  of  a 
chromatographic  system,  suppressors  made  anions’  determinations  more  sensitive, 
reproducible,  and  with  improved  linearity  of  the  detector  response.  Haddad  et  al.  [51] 
reported  a  comprehensive  review  of  various  types  of  suppressors,  including  packed 
bed  suppressors,  hollow  fiber  membrane  suppressors,  and  micromembrane  suppres¬ 
sors.  Electrolytic  suppressors  that  minimize  the  dead  volume,  being  adapted  by  CIC 
systems  (e.g.,  ICS  5000,  Dionex),  are  commercially  available. 

The  use  of  conductivity  detection  at  capillary  scale  has  been  possible  by  capacitively 
coupled,  contactless  conductivity  detection  (C4D).  The  detailed  description  of  C4D 
systems  applied  in  IC  can  be  found  in  an  article  by  Dasgupta  et  al.  [52].  The  use  of  such 
detection  eliminates  the  extracolumn  broadening  effects  that  are  primarily  related  to  the 
construction  of  the  detector  flow  cell  or  suppressor  volume  for  suppressed  conductivity 
detection.  O  RIordain  et  al.  [33]  demonstrated  the  possibility  of  using  on-column  C4D 
in  CIC  with  modified  silica  monolithic  capillary  columns  for  the  first  time. 

The  IC  method  coupled  with  electrochemical  detection  allows  for  selective  and 
sensitive  determination  of  iodide  in  complex  matrices.  Kolb  et  al.  [53].  have  applied 
AD  for  1“  determination  using  a  carbon  paste  working  electrode.  The  analysis  of 
iodide  can  be  accomplished  by  AD.  This  detection  is  preferable  because  of  the  elec¬ 
trode  stability  and  sensitivity.  Gold  [54—57],  platinum  [57],  and  glassy  carbon  [58] 
electrodes  have  found  application  in  amperometric  or  pulsed  amperometric  detection 
(PAD).  Several  papers  have  been  published  on  the  use  of  IC  with  AD  on  a  silver  elec¬ 
trode  [59,  60].  Although  iodide  can  be  detected  by  direct  current  (DC)  amperometry 
on  a  silver  working  electrode,  a  pulsed  amperometric  waveform  is  used  to  improve 
the  reproducibility  of  the  analysis  [61].  When  an  amperometric  detector  with  a 
silver  working  electrode  is  used,  iodide  from  the  sample  combines  with  the  silver  of 
the  working  electrode  surface  to  form  silver  iodide  precipitate,  oxidizing  silver  in  the 
process.  PAD  allows  for  detection  in  the  low  mg  1“'  to  ng  1“'  range  and  has  high 
specificity  for  the  iodide  ion  (the  other  halides  are  detected  in  the  same  way,  but 
with  less  efficiency)  [62,  63].  The  findings  of  Liang  et  al.  [64]  showed  that  a  dispos¬ 
able  working  electrode  manifested  equal  or  better  results  than  the  conventionally 
working  electrode  and  could  be  used  for  iodide  analysis.  The  authors  compared  the 
performance  of  two  kinds  of  silver  working  electrode  in  an  electrochemical  detector, 
that  is,  the  disposable  and  conventional  electrode  for  the  determination  of  iodide, 
using  high-performance  anion-exchange  chromatography  (HPAEC)  hyphenated 
with  PAD.  The  comparisons  were  carried  out  with  regard  to  the  time  of  equilibration, 
long-  and  short-term  reproducibility,  limits  of  detection,  and  linearity  of  calibration. 
Besides,  the  disposable  electrode  was  able  to  work  for  consecutive  2660  min  (about 
44  h,  10  min  needed  for  each  run)  with  no  degradation.  The  disposable  electrode  was 
applied  for  the  determination  of  iodide  in  the  soil  and  seawater  samples  with  the 
detection  limit  of  0.5  pg  1“'  (10  pi  injection). 
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The  same  analytical  method  ion  chromatography-pulsed  amperometric  detection 
(IC-PAD)  was  used  for  the  analysis  of  dissolved  iodide  in  the  surface  water  and 
in  absorption  solutions  obtained  from  absorbable  organic  iodide  (AOI)  determination 
[60].  The  proposed  method  enabled  highly  sensitive  determination  (limit  of  detection 
(LOD)  of  0.02  pg  1“')  of  iodide  from  the  samples  that  had  undergone  only  microfiltra- 
tion.  The  silver  electrode  was  applied  because  of  its  high  selectivity  and  the  very  low 
detection  potential  needed.  Cataldi  et  al.  [56]  compared  detection  of  iodide  on  gold, 
silver,  and  platinum  electrodes  under  similar  experimental  conditions  in  terms  of 
electrode  sensitivity,  selectivity,  and  stability.  The  comparison  showed  that  the  best 
results  in  terms  of  signal  stability,  peak  shape,  and  analytical  response  were  obtained 
with  a  modified  Pt  electrode,  which  allowed  to  achieve  a  LOD  of  0.5  pg  1“'  (S/N=3). 
PAD,  using  a  modified  Pt  electrode  (E(app)  =  H-0. 85  V  versus  Agl AgCl),  was  success¬ 
fully  applied  to  determine  low  contents  of  iodide  in  the  human  urine  with  a  solid-phase 
extraction  as  the  pretreatment  procedure. 

As  for  the  UV  detection,  iodide  and  iodate  are  UV-absorbing  anions  and  they  can 
be  detected  using  UV  detection  with  a  wavelength  between  190  and  220  nm  [4].  O 
Riordain  used  UV  detection  at  214nm  for  the  detection  of  iodide  together  with 
nitrate,  nitrite,  bromide,  and  thiocyanate  [24].  Brandao  et  al.  [65]  used  a  postcolumn 
derivatization  with  A-chlorosuccinimide  followed  by  a  spectrometric  detection  at  the 
wavelength  of  605  nm  for  determination  of  1“  in  saline  waters.  It  has  been  reported 
that  iodide  can  be  determined  with  IC  and  direct  UV-visible  detection  after  precon¬ 
centration  of  the  sample  [66].  In  a  different  study,  iodide  was  determined  as  IBr^”  at 
249  nm,  whereas  iodate  as  1^“  at  288  nm.  The  described  advantages  of  the  proposed 
method  are  due  to  lack  of  sample  pretreatment  and  possibility  to  be  run  completely 
automatically.  The  reported  LOD  for  iodide  and  iodate  were  0.1  pg  1“'.  The  methods 
have  been  successfully  applied  to  determine  iodide  and  iodate  in  several  mineral 
waters  and  in  drinking  water  as  well  as  for  the  determination  of  iodide  in  table  salt 
[67].  The  UV  detection  exhibits  some  drawbacks  with  regard  to  a  baseline  distur¬ 
bance.  Hydroxide  eluents  can  absorb  in  the  UV  and  contribute  to  a  high  background, 
preventing  detection  of  iodide.  Therefore,  it  is  recommended  that  a  suppressor  should 
be  used,  although  conductometric  detection  is  not  applied  [35]. 


4.5  STRONG  AND  WEAK  POINTS  OF  IC  DETERMINATIONS 
OF  IODINE  SPECIES 

IC  is  a  well-established  analytical  method  for  the  determination  of  ionic  species  in  a 
solution,  with  detection  limits  down  to  picograms  per  gram  [68].  It  has  advantages 
over  spectroscopic  techniques  for  ion  analysis  because  it  allows  for  speciation  analysis 
(described  in  next  section)  as  well  as  simultaneous  determination  of  many  ions  (both 
organic  and  inorganic)  during  a  single  chromatographic  run.  Other  advantages 
include  short  time  of  analysis,  high  sensitivity  (with  preconcentration  techniques,  the 
detection  limit  could  be  lowered  to  the  ng  L^  range),  high  selectivity  in  samples  with 
complex  matrixes  (high  ionic  strength  samples  or  samples  with  very  small  amounts 
of  analyte  in  the  presence  of  very  large  amounts  of  others  ions),  small  sample  volume 


36 


ION  CHROMATOGRAPHY 


needed  for  the  analysis,  usage  of  safe  and  environmentally  friendly  chemicals  (green 
chemistry),  and  ease  of  use.  Because  IC  typically  utilizes  dilute  acids,  bases,  or  salt 
solutions  as  the  mobile  phases,  costly  and  hazardous  organic  solvents  are  generally 
avoided.  There  is  a  large  selection  of  columns  (in  terms  of  type  and  format),  and 
many  detection  methods  can  be  used.  Various  types  of  suppressors  improve  the 
dynamic  range  of  the  method.  A  small  column  format  generates  less  waste  and  uses 
less  eluent.  The  most  popular  applications  of  IC  are  the  determination  of  common 
anions  and  cations  in  water  and  wastewater  [4,  5,  69];  however,  it  is  also  a  suitable 
method  for  analyses  of  clinical  samples  [63, 70].  IC  is  also  an  attractive  procedure  for 
the  laboratories  that  need  to  define  numerous  ions  in  several  thousand  samples.  This 
technique  is  easily  automated  and  adapted  to  a  high  sample  throughput. 

One  of  the  advantages  of  IC,  when  it  comes  to  the  practical  application  of  this 
technique,  is  the  simplicity  of  sample  preparation.  Sample  preparation  procedures 
are  well-established  and  are  being  continuously  improved;  for  example,  matrix  elim¬ 
ination  procedures  are  a  good  example  showing  that  simple  dilution  and/or  filtration 
bring  the  analytes  of  interest  into  the  working  range  of  the  method  [71].  IC  can  also 
be  interfaced  mass  spectrometry,  inductively  coupled  plasma  mass  spectrometry 
(ICP-MS),  or  electrospray  ionization  tandem  mass  spectrometry  (ESTMS),  which 
makes  it  a  very  suitable  technique  for  speciation  analysis  [72-74]. 

Like  any  chromatographic  technique,  IC  also  has  some  limitations.  The  problems 
associated  with  the  use  of  IC  for  iodine  analysis  usually  concern  inadequate  sample 
preparation,  a  high  background  of  an  eluent,  irregular  baseline  (e.g.,  some  mobile 
phases,  such  as  NaOH  solutions,  can  absorb  ambient  CO^  resulting  in  composition 
change  and  baseline  artifacts),  shortening  of  the  retention  times  of  the  analyzed  ions, 
or  changes  in  the  characteristics  of  analytical  columns  within  analyses.  As  for  detec¬ 
tion,  very  sensitive  electrochemical  detection  requires  careful  selection  and  handling 
of  electrodes.  However,  current  technology  has  dramatically  changed  for  the  better  in 
the  recent  years  and  currently  the  problems  with  reproducibility  of  the  results  are 
reduced  by  the  repeated  cleaning  and  detecting  process  called  pulsed  amperometric 
detection  (PAD).  The  pulsing  waveform  ensures  that  the  surface  of  the  electrode 
is  always  clean  and  the  results  are  reproducible.  The  ways  to  solve  the  earlier- 
mentioned  problems  can  be  found  elsewhere  [5,  8]. 


4.6  SPECIATION  ANALYSIS  INVOLVING  IC 

It  is  known  that  the  bioavailability  and  toxicity  of  iodine,  as  in  the  case  of  other 
essential  elements,  is  species-dependent.  Iodide  and  iodate  are  less  toxic  than 
molecular  iodine  and  some  organically  bound  forms  of  the  element.  Similarly,  the 
bioavailability  of  organically  bound  iodine  is  also  lower  than  that  of  mineral 
iodine  [74]. 

According  to  the  International  Union  of  Pure  and  Applied  Chemistry  (lUPAC)  [75], 
the  definition  of  a  speciation  analysis  in  chemistry  is  as  follows:  analytical  activities 
of  identifying  and/or  measuring  the  quantities  of  one  or  more  individual  chemical 
species  in  a  sample.  Distribution  of  an  element  amongst  defined  chemical  species 
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in  a  system  is  related  to  speciation  of  an  element.  Detailed  principles  of  elemental 
speciation  of  various  elements  have  been  reviewed  elsewhere  [76]. 

IC  has  been  described  in  the  literature  as  a  convenient  separation  method  that 
enables  sensitive  and  relatively  fast  determination  of  iodine  species  present  in  various 
matrices  [76-78].  This  specific  advantage  of  IC  is  widely  applied  in  environmental 
analysis,  especially  for  speciation  of  iodine  in  water  samples  of  various  origin  (see 
Table  4.2).  Ocean  and  seawater  samples  represent  quite  complex  matrices  since  1“  and 
10 j“  are  present  there  at  a  trace  level  together  with  high  concentrations  of  Cl“  and  Br“. 
The  prevalence  of  one  over  the  other  depends  on  redox  chemistry:  iodate  is  dominant 
under  oxidizing  conditions,  iodide  under  reducing  conditions.  Table  4.2  includes  the 
overview  of  detection  systems,  chromatographic  columns,  eluents,  and  selected  appli¬ 
cations  of  IC  in  the  analysis  of  iodine  species  in  various  matrices  over  the  past  20  years. 

Unfortunately,  the  samples  of  high  ionic  strength,  such  as  seawater,  cannot  be 
injected  directly  into  the  separation  column.  In  order  to  avoid  adverse  effects  (e.g.,  peak 
broadening  caused  by  self-elution  by  the  sample  matrix  itself),  on-column  matrix  elim¬ 
ination  techniques  are  used  [65].  This  involves  adding  the  matrix  ion  to  the  eluent, 
usually  in  a  higher  concentration  than  the  sample  matrix.  For  this  reason,  optimization 
of  the  composition  and  concentration  of  the  mobile-phase  components  is  of  paramount 
importance.  There  are  several  ways  to  analyze  such  samples  for  iodine  speciation  using 
IC.  Older  methods  for  speciation  of  iodine  in  saline  waters  by  the  use  of  IC  involved, 
for  example,  removing  interfering  ions.  In  one  study  a  matrix  elimination  procedure 
was  reinforced  by  a  postcolumn  reaction  detection  that  was  both  selective  and 
sensitive  to  iodide  and  was  based  on  the  reaction  of  iodide  with  4,4'-bis(dimethylamino) 
diphenylmethane  in  the  presence  of  A^-chlorosuccinimide.  Detection  was  carried  out  at 
605  nm  [65].  Another  method  required  conversion  of  iodate  (reduction  by  NaHSO^) 
and  organic  iodine  species  (measured  as  the  difference  of  total  iodide  after  organic 
decomposition  by  dehydrohalogenation  and  reduction  by  NaHSOj  and  total  inor¬ 
ganic  iodide)  into  iodide  form  and  direct  determination  of  1“  by  IC  with  UV  detection 
[92].  However,  this  method  includes  quite  rigorous  and  labor-intensive  pretreatment  of 
the  sample  that  may  bring  incorrect  speciation  information  [93]. 

Coupling  various  analytical  techniques  with  IC  is  also  beneficial  for  speciation  anal¬ 
ysis  of  iodine.  The  online  coupling  of  IC  and  ICP-MS  has  been  widely  described  in  the 
literature.  Combining  IC  with  ESI-MS  or  ICP-MS  solves  even  complex  separation 
problems,  while  outstanding  sensitivity  and  selectivity  are  achieved  at  the  same  time. 
Such  coupled  techniques  are  less  prone  to  matrix  influences  than  IC  with  conductivity 
detection.  Chen  et  al.  [77]  used  a  nonsuppressed  IC  with  ICP-MS  for  simultaneous 
determination  of  trace  iodate  and  iodide  in  seawater.  The  described  method  was  per¬ 
formed  without  sample  pretreatment  with  the  exception  of  dilution.  The  other  advantage 
of  the  method  is  relatively  short  time  of  separation  (~  13  min)  achieved  on  an  anion- 
exchange  column  (G3154A/101,  provided  by  Agilent)  with  an  eluent  containing 
20  mM  NH^NOj.  LODs  were  as  follows:  1.5  pg  1“'  for  iodate  and  2.0  pg  1“'  for  iodide. 

The  online  coupling  of  IC  and  ICP-MS  has  also  been  used  for  the  determination 
of  iodine  species  in  drinking  water  [9].  The  LODs  calculated  with  several  quantifica¬ 
tion  methods  were  in  the  typical  range  of  0.05-3.5  pg  1“'  reported  in  the  literature  for 
IC  with  ICP-MS  detection  [77]. 
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tubular  configuration  and  based  on  a  crystalline  membrane 
(Agl/Ag^S) 

I~  (ground  waters  IC  Stationary  phase:  lonPac  AS  1  l(Dionex)  0.3 mg/1 

and  soil)  Mobile  phase:  0.027  M  NaOH  in  2%  aqueous  CH^OH 

Detection:  conductivity 
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Mobile  phase:  CHjOH-NaCl  0.1  M  (55  :45  v/v) 

Detection:  UV  at  230  nm 

I"  and  lOj”  (mineral  IC  Stationary  phase:  lonPac  AS  1 1  (Dionex)  0. 1  pg/1 

and  drinking  Mobile  phase:  NaBr,  NaOH  (for  I")  B(OH),  NaOH  (for  lOj”)  I"  and  lO^” 
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modification  with  hexadimethrine  bromide 
Mobile  phase:  1  mM  NaCl-ACN  (95:5,  v/v) 
Detection:  UV  at  225  nm 
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Recently,  a  new  approach  to  the  simultaneous  detection  of  iodide  and  iodate  in  a 
single  chromatographic  run  has  appeared.  Huang  et  al.  [78]  developed  a  simple  IC 
method  in  which  columns  packed  with  homemade  functionalized  PS/DVB  with 
controllable  amounts  of  quaternary  ammonium  group  resins  and  column-switching 
technique  were  applied.  The  low-capacity  anion-exchange  column  (for  strongly 
retained  iodide)  and  high-capacity  anion-exchange  column  (for  iodate  with  weak 
retention)  were  prepared.  With  this  method,  iodide  and  iodate  in  a  povidone  iodine 
solution  were  simultaneously  detected  in  a  short  time.  Iodide  did  not  pass  through  the 
high-capacity  column.  The  detection  limits  (LODs)  for  iodide  and  iodate  obtained  by 
injecting  100 pi  of  sample  were  5.66  and  14.83  pg  1“'  {S/N=3),  respectively. 

Figure  4.4  shows  the  chromatographic  instrument  configuration  for  this  column¬ 
switching  system,  (a)  Separating  anions  with  weak  retention  from  strong  retention 
(0-1.5  min);  (b)  analyzing  the  target  anions  and  washing  analytical  column  II. 
At  present  speciation  analysis  is  not  limited  only  to  iodides  and  iodates,  it  also  applies 
to  organic  forms  of  iodine  (e.g.,  3-iodotyrosine-MIT,  and  3,5-diiodotyrosine-DIT). 


> 

3 


•  I-  A  F-  •  103- 

FIGURE  4.4  Chromatographic  instrument  conhguration  for  a  column-switching  system,  (a) 
Separating  anions  with  weak  retention  from  strong  retention  (0-1.5  min);  (h)  analyzing  the 
target  anions  and  washing  analytical  column  II.  Reproduced  with  permission  from  Ref.  [78] 
©  Elsevier. 
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Romaris-Hortas  et  al.  [92]  developed  an  anion-exchange  HPLC  hyphenated  with 
ICP-MS  for  speciation  of  bioavailable  iodine  and  bromine  from  edible  seaweed. 
They  applied  lonPac  AS7  column  (Dionex)  as  a  stationary  phase  and  gradient  elution 
with  175  mM  NH^NOj  plus  15%  (v/v)  CH3OH  (pH  3.8)  as  a  mobile  phase.  The 
method  enabled  to  assess  inorganic  and  organic  (MIT  and  DIT)  iodine  species  and 
inorganic  bromine  speciation  analysis  (bromide  and  bromate).  The  combination  of 
reversed-phase  high-performance  liquid  chromatography  (RP-HPLC)  with  ICP-MS 
was  used  for  the  determination  of  MIT  and  DIT  in  the  dialyzates  from  edible  seaweed. 
Zorbax  Eclipse  double  endcapped  C8  (XDB-C8)  phase  (Agilent)  with  gradient  elution 
(0.2%  (m/m)  CH3COOH,  and  0.2%  (m/m)  CH3COOH  in  CH30H)  at  constant  flow 
rate  of  0.75  ml  min“'  was  used  to  confirm  the  presence  of  organic  iodine  species. 
Iodide  and  MIT  were  the  main  bioavailable  species  quantified.  The  developed  method 
has  been  verified  by  (RP-HPLC-MS)  measurement.  The  cited  work  was  the  first  to 
present  the  determination  of  bioavailable  iodine  and  bromine  species  from  different 
seaweeds. 

Little  is  known  about  the  natural  iodine  cycle  in  the  terrestrial  environment;  thus 
speciation  studies  involving  the  IC  technique  are  currently  more  common.  Such 
studies  can  bring  an  answer  to  important  questions:  What  is  the  behavior  of  organi¬ 
cally  bound  iodine?  Which  forms  of  iodine  are  more  sorbed  by  soils?  What  is  an 
iodine  uptake  by  algae  or  bacteria  in  waters?  Gilfedder  et  al.  [94]  applied  IC-ICP-MS 
to  study  iodine  cycling  in  terrestrial  freshwaters  and  temporal  changes  in  speciation 
of  iodine.  Dissolved  iodine  species  (iodide,  iodate,  and  organically  bound  iodine) 
were  analyzed  by  coupling  IC  with  ICP-MS.  Soluble  organically  bound  iodine  (SOI) 
was  calculated  as  total  iodine  minus  the  sum  of  the  inorganic  species  (i.e.,  SOI  =  total 
1“  (Lh-IOj")).  Iodine  species  were  quantified  using  lonPac  AS  16  column  (Dionex) 
and  35  mmol  NaOH  eluent. 

Applicability  of  several  chromatographic  techniques,  including  IC  coupled  to 
ICP-MS  to  iodine  speciation  in  seaweed,  has  also  been  demonstrated  by  Shah  et  al. 
[95].  The  use  of  hyphenated  techniques  for  iodine  speciation  in  seaweed  extracts 
allowed  obtaining  important  information  on  the  association  of  iodine  to  the  various 
matrix  components  of  seaweed.  The  ability  of  IC  to  quantify  different  species  of 
iodine  or  both  inorganic  and  organic  species  is  of  great  benefit  in  determining  the 
fate,  transport,  and  bioavailability  in  living  organisms  and  their  environment. 


4.7  SELECTED  PROBLEMS  ASSOCIATED  WITH  PREANALYTICAL 
FACTORS  INFLUENCING  IC  OF  IODINE  SPECIES 

Sample  preparation  is  a  relevant  stage  of  any  analytical  process.  The  interpretation  of 
research  findings  can  sometimes  be  hindered  by  laboratory  contamination  of  samples 
and  inadequate  sample  pretreatment  procedures.  High  volatility  of  halogens  in  acidic 
solutions  causes  undesirable  memory  effects.  The  most  common  sample  preparation 
procedures  involve  applying  dilution  or  dispersion  in  an  alkaline  solution,  alkaline 
fusion  [96],  combustion  in  bombs  [97],  microwave-induced  combustion  (MIC)  [98, 99], 
and  pyrohydrolysis  [100].  These  procedures  are  common  before  many  analytical 
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methods,  so  IC  is  not  an  exception  here.  It  should  be  noted  that  the  simplicity  of  the 
sample  preparation  stage  is  vital. 


4.8  STORAGE  AND  PRESERVATION 

Before  applying  the  appropriate  method  for  a  particular  application,  many  factors 
have  to  be  considered  and  some  of  them  are  discussed  here.  Samples  collected  for 
analysis  by  IC  should  ideally  be  collected  in  plastic  containers,  such  as  polypropylene. 
Before  use,  the  containers  should  be  thoroughly  rinsed  with  reagent-grade  water 
(18Mfl  deionized). 

When  it  comes  to  quantitative  evaluations  of  iodine  concentrations  (in  all  chemical 
forms)  in  biological  samples,  proper  storage  of  samples  is  of  paramount  importance. 
For  instance,  tissues  must  be  preserved  in  such  a  way  that  a  potential  loss  of  iodine  is 
minimized.  The  choice  of  the  tissue-fixing  agents  is  quite  wide.  Formalin  is  a  rou¬ 
tinely  used  tissue-fixing  agent  after  surgical  procedures.  Other  recommended  agents 
for  tissue  preservation  include,  for  example,  a  mixture  of  50%  glutaraldehyde,  16% 
paraformaldehyde,  and  0.2  M  sodium  phosphate  buffer  solutions  (i.e.,  original  com¬ 
position  of  Karnovsky  fixative)  or  its  modification.  Another  possibility  to  preserve 
the  tissues  is  sample  freezing.  It  is  recommended  that  a  fresh/frozen  material  be  used 
whenever  possible. 

Hansson  et  al.  [101]  used  X-ray  fluorescence  analysis  (XRF)  and  secondary  ion 
mass  spectrometry  (SIMS)  for  evaluation  of  a  freezing  technique  for  preserving 
samples  (XRF  analysis)  and  for  evaluation  of  the  efficacy  of  the  use  of  aldehyde 
fixatives  for  sample  preparation  (SIMS  analysis).  There  were  no  significant  changes 
in  the  iodine  content  due  to  freezing.  Freezing  for  4  weeks  produced  no  more  than  a 
10%  change  in  the  iodine  content.  For  all  the  samples  fixed  in  an  aldehyde,  there  was 
a  loss  of  iodine.  The  decrease  in  iodine  content  from  baseline  was  significant  for  the 
samples  fixed  in  an  aldehyde  (p<0.05).  Karnovsky  fixative  was  the  best  in  this 
regard,  yielding  a  mean  14%  loss  compared  to  20  and  30%  for  glutaraldehyde  and 
formaldehyde,  respectively.  For  the  SIMS  method,  Fragu  et  al.  [102]  recommended 
a  chemical  fixation  with  a  mixture  of  the  Karnovsky  fixative,  followed  by  embedding 
in  methacrylate.  This  method,  which  was  evaluated  for  iodine  loss  by  Rognoni  et  al.  [103], 
has  proven  suitable  for  preservation  of  substances  bound  to  macromolecules  (e.g., 
iodine  bound  to  thyroglobulin  [Tg]). 

The  effect  of  sample  preservation  on  determination  of  1“  in  healthy  and  patholog¬ 
ical  human  thyroids  has  also  been  studied  [63].  It  was  pointed  out  that  the  way  for 
tissue  preservation  (either  in  formalin  or  by  freezing)  had  no  significant  effect  on  the 
iodine  determination  result  by  IC-PAD. 

4.8.1  Stability  of  Analytes 

Stability  problems  in  relation  to  the  storage  medium  were  analyzed  by  Bing  et  al. 
[104].  Pure  water,  the  mobile  phase,  0.01,  and  0.1%  KOH  were  tested.  According  to 
the  study,  iodide  was  unstable  and  lost  in  pure  water  and  the  mobile-phase  medium 
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when  the  stock  solution  was  diluted  or  kept  for  a  long  time.  Dilution  factors  from  10 
to  10,000  and  storage  from  1  to  5  days  were  tested.  However,  iodide  was  found  to  be 
stable  in  0.01  and  0.1%  KOH.  The  authors  did  not  observe  problems  with  iodate  in 
different  media.  In  order  to  minimize  any  potential  high-matrix  effects,  0.01%  KOH 
was  selected  as  the  storage  medium  for  field  sampling.  The  tests  were  performed 
before  IC-ICP-MS  of  various  groundwater  samples  [105]. 

4.8.2  Sample  Decomposition 

Generally,  all  reported  methods  have  a  digestion  or  ashing  step  prior  to  the  final 
determination  of  iodine.  The  procedure  usually  requires  the  use  of  alkaline  media 
and  a  high  temperature  [106].  A  catalytic  spectrophotometric  method  based  on  the 
Sandell-Kolthoff  reaction  together  with  many  modifications  and  improvements  of 
this  method  is  a  low-cost  assay  of  iodine;  however,  it  is  not  free  of  possible  interfer¬ 
ences  (especially  for  foodstuffs  with  low  range  of  iodine  levels).  Most  iodine  in 
biological  media  is  covalently  bonded  and  there  are  some  substances  that  interfere 
with  the  determination  reaction  (e.g.,  SCN",  NOj”,  or  Fe^^).  A  high  lipid  content  in 
the  sample  (e.g.,  milk)  can  cause  problems  in  detection,  so  a  mineralization  step  is 
absolutely  necessary  before  analysis. 

With  regard  to  biological  (clinical)  samples,  typically,  the  volume  of  the  test  sample 
acquired  from  the  patient  is  not  large.  Sample  decomposition  is  a  critical  step  in  this  anal¬ 
ysis.  The  decision  whether  to  dilute  or  digest  the  samples  (e.g.,  of  body  fluids)  depends 
on  various  factors  (e.g.,  concentration  ranges  of  analytes,  volume,  limit  of  quantitation, 
required  accuracy  and  precision,  coexisting  ions  that  could  interfere  in  analysis,  sample 
throughput).  Biological  fluids  and  tissues  are  usually  diluted  with  NH^aq,  Triton-X-100, 
HNOj,  or  tetramethylammonium  hydroxide  (TMAH)  solutions.  The  dilution  procedures 
are  identical  as  in  the  case  of  sample  preparation  for  ICP-MS  analysis  [107]. 

When  preparing  a  sample  for  analysis,  it  is  necessary  to  take  into  consideration 
the  loss  of  analyte  due  to  erroneous  application  of  decomposition  procedures.  Some 
of  them,  for  example,  “Schoeniger  combustion,”  require  a  highly  homogenous 
sample,  which  is  sometimes  difficult  to  obtain  [108].  There  are  many  options  for 
biological  sample  preparations,  among  which  alkaline  digestion  using  TMAH  is  the 
most  common  before  the  analysis  of  1“  [109,  110].  Alkaline  conditions  during  the 
extraction  procedure  have  some  advantages  in  comparison  with  acidic  media,  where 
1“  may  be  oxidized  into  volatile  forms  (I^  or  HI).  Destruction  of  the  organic  matrix 
when  a  typical  digestion  reagent,  like  HNO^,  is  being  used,  is  not  possible  because  of 
the  losses  due  to  volatile  iodine  formation  (therefore,  no  stable  sample  solution  can 
be  achieved).  However,  acid  digestion  procedures  (by  the  use  of  mainly  H^SO^, 
HNOj,  and  HCIO^)  have  also  been  applied  [111].  What  is  more,  despite  its  obvious 
weak  point  (loss  of  analyte),  the  U.S.  Food  and  Drug  Administration  (FDA,  2009) 
still  recommends  these  procedures. 

Blazewicz  et  al.  [63]  used  the  alkaline  digestion  with  25%  TMAH  water  solution 
for  the  preparation  of  thyroid  glands  before  the  IC  method  of  analysis.  A  diluted 
TMAH  solution  was  used  by  Schramel  and  Hasse  [109]  in  order  to  determine  iodine 
in  the  serum,  milk,  plants,  and  tissues  by  means  of  the  ICP-MS  method. 
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Unfortunately,  despite  the  earlier-mentioned  advantages,  the  use  of  TMAH 
solution  for  the  digestion  of  samples  has  some  disadvantages.  Since  for  all  modern 
sample  pretreatment  methods  time  is  a  very  important  factor,  the  long  procedure  time 
remains  a  huge  problem.  As  reported  in  the  literature,  digestion  of  biological  mate¬ 
rials  with  TMAH  usually  requires  up  to  6  h  [112].  However,  the  assistance  of  micro- 
waves  significantly  shortens  the  time  of  the  sample  preparation  step  (<20min).  Such 
microwave-assisted  alkaline  digestion  has  been  developed  by  Blazewicz  et  al. 
before  the  1C  analysis  of  the  thyroid  samples  [63].  It  is  important  to  monitor  all  the 
conditions  of  the  digestion  procedure,  especially  temperature,  in  order  to  avoid 
decomposition  of  TMAH  and  bursting  of  the  closed  vessels  (therefore  a  temperature 
lower  than  100°C  is  recommended).  Each  time  the  vessels  must  be  thoroughly 
cleaned  with  a  digestion  mixture  in  order  to  avoid  memory  effects  (adsorption  by 
the  walls  of  containers)  and  consequently  the  loss  of  analyte  [70]. 

The  association  of  analytical  communities  (AOAC)  expert  review  panel  (ERP) 
approved  ICP-MS  as  a  First  Action  Official  MethodSM  for  determination  of  iodine. 
Two  procedures  of  sample  preparation  are  listed,  the  first  (AOAC  Official  Method 
2012.14)  involves  using  digestion  in  nitric  acid  in  a  closed- vessel  microwave  oven 
system.  In  order  to  prevent  a  loss  of  iodine,  NH^OH  water  solution  should  be  added 
to  the  samples  immediately  after  digestion.  The  second  method  (AOAC  Official 
Method  2012. 15)  involves  a  unique  sample  digestion  with  a  KOH  solution  in  an  oven 
or  using  an  open  -  vessel  microwave  system.  After  digestion  a  stabilizer  must  be 
added.  The  solution  is  taken  to  volume,  then  filtered  and  analyzed  either  directly  or 
after  dilution  [112]. 

Obviously,  the  sample  pretreatment  method  must  be  chosen  according  to  the 
sample  type.  A  method  blank  has  to  be  prepared  before  starting  the  analysis  of 
target  ions.  Table  4.3  includes  selected  precautions  in  relation  to  sample  pretreat¬ 
ment  procedures  prior  the  determination  of  iodine  in  environmental  and  clinical 
samples  by  1C. 

4.8.3  Certified  Reference  Materials 

A  possible  source  of  misinterpretation  in  research  findings  may  arise  from  insufficient 
validity  of  iodine  determinations  at  low  concentration  levels.  The  use  and  availability 
of  certified  reference  materials  (CRMs)  is  evident.  Various  CRMs  are  present  on  the 
market  and  are  used  for  quality  control  studies  in  order  to  document  an  acceptable 
analysis  and  to  check  standards  preparation  by  comparing  recovered  concentrations 
with  the  certified  values  [117]. 

There  are  several  available  CRMs  approved  by  the  Community  Bureau  of 
Reference  (BCR)  for  assessing  (verifying)  the  analytical  accuracy  of  1C  measurements, 
for  example,  skim  milk  CRM  No.  150  with  1.29  ±  0.09  pg  1“  g“'  milk  or  skim  milk 
CRM  No.  151  with  5.35±0.14pg  I-  g-'  milk  [118]. 

Iodide  standard  (1000  mg  1“*  1“  in  H^O)  for  1C  TraceCERT®  is  produced  and 
certified  in  accordance  with  ISO/IEC  17025  and  ISO  Guide  34  [1 18].  The  National 
Institute  of  Standards  &  Technology  (NIST)  distributes  standard  reference  mate¬ 
rials  (SRMs),  for  example,  1549  (low-fat  milk  powder),  1548a  (typical  diet),  1566a 


TABLE  4.3  Selected  sample  pretreatment  procedures  in  combination  with  detection 
modes  for  the  IC  analysis  of  samples  with  various  matrices 


Detection 

Matrix 

Sample  pre treatment 
and  specific  precautions 

References 

UVat: 

saline,  natural  and 

No  sample  pretreatment; 

[35] 

X=223  nm  (iodide) 

simulated 
seawater,  iodized 
table  salt 

Analysis  within  max  24  h  to 
prevent  loss  of  iodide  by 
oxidation,  a  flush  volume  of  min 
ImL  recommended  between 
samples,  presence  of  suppressor 
maintaining  an  acceptable 
baseline  (hydroxide  eluent 
absorbs  in  the  UV) 

X  =  220nm  (iodide) 

mineral  waters 

[46] 

seawater 

untreated 

[86] 

X  =  225  nm  (iodide) 

glacial  acetic  acid 

acetic  acid  must  be  diluted  with 
ultra  pure  water  to  ionize  iodide 

[42] 

X  =  226nm  (iodide) 

seawater 

untreated 

[113,  114] 

electroplating  baths 

Medium  capacity  preconcentration 
column  should  be  used 

[42] 

A,  =  215(iodate), 

230  nm  (iodide) 

saline 

untreated 

[115] 

X  =  2 10  nm  (iodide) 

saline 

untreated 

[116] 

X  =  605  nm  (iodide) 

saline 

untreated 

[65] 

Conductivity 

saline,  natural  and 
simulated  seawater, 
iodized  table  salt, 
mineral  waters 

As  above 

[35] 

waste  water  samples 

healthcare  products 
brine  samples 

Serial  dilution  with  ultra  pure 
water,  sonicated  and  filtrated 
sample  soultions  were  injected 
into  the  column 

[40] 

[41] 

[44] 

soil  extract  samples 

Dilution  and  flitration  through 

0.45  pm  membrane  filter  paper 

[47] 

milk  powder 

Inline  sample  preparation  by  dialysis 

[117] 

Pulsed 

Urine, 

Removal  of  urine  components 

[37] 

Amperometry* 

soy-  and  milk-based 

(>10000  daltons);  dilution;  use 

[62] 

(PAD) 

infant  formulas 

of  RP-cartridges  (OnGuard™  - 
RP);  temperature  control  of  the 
electrochemical  cell;  on-line 
degassing;  cleaning  working 
electrode;  replacing  a  reference 
electrode  (every  6  months  for 
Ag/AgCl) 

thyroid  tissues 

Microwave  digestion  in  open  or 
closed  vessels  (usually  applying 
HNOj,  HCIO^,  or  tetramethyl 
ammonium  hydroxide  (TMAH)); 
oxygen  combustion;  extraction; 
utracentrifugation;  precipitation 

[63] 

T  can  be  detected  by  direct  current  amperometry  (DC),  however,  using  PAD  reproducibility  is  improved  [37], 
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(oyster  tissue),  1575a  (pine  needles),  and  1570  (spinach)  for  use  in  calibrating 
instrumentation  and  evaluating  the  reliability  of  analytical  methods  for  the  determi¬ 
nation  of  constituents  in  milk,  milk  powders,  and  other  biological  matrices. 


4.9  TRENDS  AND  FUTURE  DIRECTIONS  OF  IODINE 
DETERMINATIONS  BY  IC 

At  present  faster  and  more  efficient  separations,  enhanced  sensitivity  of  detection 
through  the  coupling  techniques,  and  further  steps  toward  miniaturization  are  the 
most  apparent  trends  in  IC.  As  was  mentioned  earlier,  monolithic  and  capillary  scale 
columns  allow  for  potentially  faster  and  more  efficient  separations.  Monolith  tech¬ 
nology,  multiple  gradients  are  applied  for  a  variety  of  sample  matrices  including 
food,  beverage,  and  chemical  samples. 

Areas  of  applications  of  anions  determinations  by  IC  increase  constantly  due  to 
multicolumn  and  multidimensional  analyses  utilizing  multimode  phases.  In  order  to 
expand  IC  capabilities  for  complex  applications,  new  chromatographic  systems  are 
designed  for  dual-performance  analysis.  Dual  IC  involves  many  applications  (e.g., 
two-dimensional  IC  (2D  IC),  as  well  as  dual  analysis,  using  simultaneous  or 
sequential  injection).  Multiple  analyses  of  cations  and  anions  can  be  performed 
with  one  injection.  Determinations  of  inorganic  anions  among  organic  compounds 
are  possible  with  dual-parallel  conductivity  and  electrochemical  detection. 

With  more  and  more  sophisticated  instrumentation  the  sample  preparation  proce¬ 
dures  are  simplified  and  a  problem  of  the  loss  of  analyte  is  reduced  (e.g.,  dilution  is 
eliminated  by  simultaneous  injection  to  a  large  and  small  loop)  [119]. 

Recently,  2D  IC  has  been  developed  for  the  determination  of  iodide,  thiocyanate, 
and  perchlorate  ions  in  environmental  samples  (waters)  [120].  Thiocyanate  is  a  com¬ 
petitive  inhibitor  of  the  sodium  iodide  transporter  and  worsens  iodine  deficiency  by 
inhibition  of  thyroidal  iodide  accumulation  and  by  inhibition  of  iodide  transport  into 
breast  milk  [121].  Perchlorate  is  known  to  inhibit  the  thyroid’s  ability  to  take  up 
iodide  [122].  Therefore,  also  from  the  economical  point  of  view,  it  is  extremely 
important  to  assess  the  content  of  the  mentioned  ions  together  with  iodide/iodate 
determinations.  Lin  et  al.  [120]  demonstrated  2D  IC  in  the  following  configuration: 
iodide,  thiocyanate,  and  perchlorate  ions  were  separated  from  interfering  ions  by  a 
lonPac  AS16  column  (250x4mm).  In  the  next  stage,  ions  were  enriched  with  an 
enrichment  column  (MAC-200,  80x0.75  mm);  in  2D  chromatography,  ions  were 
separated  on  a  capillary  column  (lonPac  AS20  Capillary,  250x0.4 mm).  Reported 
LODs  were  in  the  range  0.02-0.05  pg  1“'. 

There  are  many  expectations  regarding  iodine  determination  in  clinical  sam¬ 
ples;  among  them  the  availability  of  CRMs  and  further  simplification  and  reduction 
in  the  time  for  sample  preparation  seem  to  be  urgent.  In  the  light  of  the  currently 
used  hi-tech  equipment  and  the  advantages  of  IC  presented  in  this  chapter  it  seems 
only  a  matter  of  time  before  this  technique  is  more  widely  used  in  routine  clinical 
analyses. 
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5.1  INTRODUCTION 

Compounds  with  iodine  in  the  formal  oxidation  state  -1  are  called  iodides.  Iodine 
forms  iodide  compounds  with  almost  all  of  the  elements  except  inert  elements,  as 
shown  in  Table  5.6.  Iodide  is  one  of  the  largest  monoatomic  anions  whose  radius  is 
around  220pm  (see  Chapter  2).  Iodide  is  one  of  the  largest  monatomic  anions  and  it 
is  less  hydrophilic  or  more  hydrophobic  than  the  smaller  halogen  anions:  bromide 
(196  pm),  chloride  (181pm),  and  fluoride  (133  pm).  Iodides  range  the  whole  spec¬ 
trum  of  bonding  from  completely  ionic  to  covalent  structures;  for  example,  sodium 
iodide  can  be  regarded  as  ionic  and  titanium  iodide  is  predominantly  covalent.  The 
low  solubility  of  silver  iodide  and  lead  iodide  in  water  and  other  polar  solvents 
reflects  the  covalent  character  of  these  metal  iodides  (see  Table  5.7).  A  test  for  the 
presence  of  iodide  ions  is  the  formation  of  yellow  precipitates  of  these  compounds 
upon  treatment  of  a  solution  of  silver(I)  nitrate  or  lead(II)  nitrate  [1]. 

Commercially  available  inorganic  iodides  are  the  most  important  class  of  iodine 
compounds  [2].  They  are  used  in  various  fields  in  our  life  as  follows.  Iodized  salt, 
which  is  commonly  supplied  in  European  countries  and  many  other  countries  in  order 
to  prevent  iodine  deficiency  disorders,  contains  0.01%  amount  of  potassium  iodide,  KI, 
or  sodium  iodide,  Nal  (see  Chapter  22).  Lugol’s  iodine  is  a  solution  of  elemental  iodine, 
Ij,  and  potassium  iodide,  KI,  in  water  and  is  often  used  as  an  antiseptic  and  disinfectant 
(see  Chapter  20).  Polarizing  films  are  prepared  by  dyeing  the  polyvinyl  alcohol  film  in 
an  aqueous  solution  containing  iodine,  I^,  and  potassium  iodide,  KI  (see  Chapter  26). 
Copper(I)  iodide,  Cul,  is  used  as  heat-stabilizing  agents  in  manufacturing  of  Polyamide 
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6  and  Polyamide  66  (see  Chapter  31).  It  is  also  used  for  animal  feed  additives.  Cloud 
seeding  is  the  technique  of  inducing  rain  from  a  cloud.  Silver  iodide,  Agl,  is  used  as 
a  nuclei  because  its  structure  is  very  similar  to  ice  crystals,  which  thus  lowers  the 
activation  barrier  of  freezing  in  supercooled  water  droplets.  Inorganic  iodides,  such 
as  Mglj,  Til^,  Cul,  Pdl^,  Ini,  and  Sml^  are  playing  an  important  role  in  recent 
developments  in  organic  synthesis  (see  Chapter  18).  Iodine  also  reacts  with  other 
halogens,  fluorine,  chlorine,  and  bromine,  and  forms  interhalogens  [3],  IF,  IF^,  IFj, 
IF^,  ICl,  IClj,  IBr,  and  IBr^.  These  compounds  are  used  for  halogenation  reactions. 
Physicochemical  properties  and  preparation  methods  of  some  representative  inor¬ 
ganic  iodides  and  iodo  compounds  are  summarized  in  this  chapter. 

It  should  also  be  noted  that  because  of  the  relatively  high  electronegativity  of 
iodine  (2.66  in  the  Pauling  scale,  as  compared  to  2.96  for  bromine  and  3.16  for  chlo¬ 
rine)  many  elements  form  iodides  corresponding  to  their  valency,  such  as  Nal,  Mgl^, 
Allj,  and  Sil^.  However,  the  high  polarizability  of  iodine  combined  with  the  reducing 
power  of  the  iodide  ion  makes  iodide  compounds  corresponding  to  low  valencies 
common,  such  as  Snl^,  Hg^I^,  Aul,  or  Bil  (the  latter  actually  corresponding  to  By^). 
The  compounds  included  in  Table  5.7  may  thus  conceal  a  more  extensive  chemistry 
than  that  of,  for  instance,  chlorine.  The  low-valency  compounds  of  iodides  are  often 
denoted  as  sub  valent  [4],  referring  to  oxidation  states  of  the  noniodine  element  being 
lower  than  expected  in  an  aqueous  environment. 


5.2  HYDROGEN  IODIDE 

Hydrogen  iodide,  HI,  MW  127.91  g  moF',  is  a  colorless  gas  that  fumes  in  moist  air.  It 
is  the  least  stable  of  the  common  hydrogen  halides  and  the  best  reducing  agent. 
It  reacts  with  oxygen  to  give  water  and  iodine.  With  moist  air,  HI  gives  a  mist  (or 
fumes)  of  hydroiodic  acid.  It  is  exceptionally  soluble  in  water,  234  g  100g“'  water  at 
10°C,  giving  hydroiodic  acid  [5].  The  industrial  preparation  of  HI  involves  the  reac¬ 
tion  of  I^  with  hydrazine,  which  also  yields  nitrogen  gas:  Equation  5.1  [5,  6].  An 
alternative  method  for  producing  HI  is  the  reaction  of  iodine  with  hydrogen  sulfide: 
Equation  5.2  [5].  I^  reacts  with  phosphorus  to  give  phosphorus  triiodide,  which  then 
reacts  with  water  to  form  HI  and  phosphorous  acid:  Equation  5.3  [7].  Additionally,  HI 
can  be  prepared  by  simply  combining  H^  and  I^  gas  in  the  presence  of  a  platinum  cat¬ 
alyst.  This  method  is  usually  employed  to  generate  high-purity  samples:  Equation  5.4 
[8].  High-purity  HI  can  also  be  obtained  by  reducing  iodine  with  tetrahydronaphtha- 
lene.  Crude  HI  obtained  by  reducing  iodine  with  tetrahydronaphthalene  is  contacted 
with  a  zeolite  in  the  gaseous  phase  to  produce  high-purity  HI:  Equation  5.5  [9]. 


5.3  HYDRIODIC  ACID 

Hydriodic  acid  is  the  colorless  solution  formed  when  HI  gas  is  dissolved  in  water. 
Commercial  57%  hydriodic  acid  is  a  transparent,  colorless  to  slightly  yellow  liquid, 
which  may  take  on  a  brownish  color  because  of  the  formation  of  iodine,  combining 
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with  iodide  ions  to  form  triiodide  ions.  The  solution  forms  an  azeotrope  boiling  point 
at  127°C  with  57%  HI  and  43%  water  [10].  Hydriodic  acid  is  used  in  the  preparation 
of  iodides  and  is  an  important  reagent  in  organic  chemistry.  Diluted  hydriodic  acid 
reacts  with  many  metals  (including  aluminum,  zinc,  calcium,  magnesium,  iron,  tin, 
and  all  of  the  alkali  metals)  to  generate  flammable  hydrogen  gas,  and  it  reacts  with 
their  hydroxide,  carbonates,  and  salts  to  yield  metal  iodides. 


5.4  SODIUM  IODIDE 

Sodium  iodide,  Nal,  MW  149.92 g  mol"',  forms  colorless  cubic  crystals  that  are  sol¬ 
uble  in  polar  solvents,  such  as  water,  ethanol,  acetone,  and  glycerol.  Sodium  iodide 
is  produced  by  the  addition  of  sodium  hydroxide  or  sodium  carbonate  to  hydriodic 
acid:  Equation  5.6  and  5.7.  The  anhydrous  product  is  obtained  from  the  solution  by 
evaporation  [11,  12]. 


5.5  POTASSIUM  IODIDE 

Potassium  iodide,  KI,  MW  166.02g  mol"',  forms  colorless  or  white  cubic  crystals  or 
granules  and  becomes  yellowish  when  exposed  to  bright  light  due  to  photochemical 
decomposition,  liberating  traces  of  free  iodine.  It  is  soluble  in  polar  solvents,  such  as 
water,  ethanol,  methanol,  and  acetone,  but  it  is  insoluble  in  ether.  It  is  less  hygro¬ 
scopic  than  sodium  iodide,  making  it  easier  to  work  with.  Aged  and  impure  samples 
are  yellow  because  of  aerial  oxidation  of  iodide  to  elemental  iodine:  4  KI-i-2 
C02-i-02^2  K2C03H-2  Ij  [1].  Potassium  iodide  is  produced  industrially  by  treating 
KOH  with  iodine  [13].  Potassium  iodate,  which  is  formed  as  a  secondary  product,  is 
reduced  by  activated  carbon:  Equation  5.8.  The  product  is  purified  by  crystallization 
from  water.  Alternatively,  iron  (II)  iodide,  prepared  by  using  iron  powder  and  iodine, 
can  be  treated  with  potassium  carbonate  to  obtain  potassium  iodide:  Equation  5.9 
[14].  High-purity  potassium  iodide  can  be  prepared  by  the  reaction  of  a  potassium 
bicarbonate  with  hydriodic  acid:  Equation  5.10  [15]. 


5.6  COPPER  (I)  IODIDE 

Copper  (I)  iodide  (Cul),  MW  190.45  g  mol"',  can  be  prepared  by  heating  iodine  and 
copper  in  concentrated  hydriodic  acid,  HI.  Another  preparation  route  involves  the 
precipitation  of  the  salt  by  mixing  aqueous  solutions  of  potassium  or  sodium  iodide 
with  copper  sulfate  or  any  soluble  copper(II)  salt:  Equation  5.11.  The  unstable  Cul^ 
compound  immediately  decomposes  into  iodine  and  sparingly  soluble  Cul,  releasing 
I^:  Equation  5.11[16-18].  Cul  is  poorly  soluble  in  water  (0.00042g  1"'  at  25°C),  but 
it  dissolves  in  the  presence  of  Nal  or  KI  to  give  the  linear  complex  anion  [Cul^]". 
Dilution  of  such  solutions  with  water  reprecipitates  Cul.  In  many  aspects,  copper(I) 
iodide  may  be  regarded  as  a  sub  valent  iodide  of  copper  (vide  supra). 
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5.7  SILVER  IODIDE 

Silver  iodide,  Agl,  is  prepared  by  the  reaction  of  a  sodium  or  potassium  iodide 
solution  with  a  hot  solution  of  silver  nitrate:  Equation  5.12.  A  yellowish  solid 
quickly  precipitates.  The  precipitate  can  be  washed  with  boiling  water  to  give  a 
pure  product  [19].  The  preparation  is  made  in  the  dark  or  under  ruby-red  light 
because  of  the  sensitivity  of  Agl  to  light.  The  solid  is  a  mixture  of  two  principal 
phases.  Dissolution  of  the  Agl  in  hydroiodic  acid  followed  by  dilution  with  water 
precipitates  P-Agl.  Alternatively,  dissolution  of  Agl  in  a  solution  of  concentrated 
silver  nitrate  followed  by  dilution  affords  a-Agl.  If  the  preparation  is  not  con¬ 
ducted  in  the  absence  of  light,  the  solid  rapidly  darkens,  the  light  causing  a 
reduction  of  ionic  silver  to  the  metal  state.  The  photosensitivity  varies  with  sample 
purity  [20]  and  is  analogous  to  old-type  photography  based  on  the  analogous  AgBr 
substance  (Tables  5.1  and  5.2). 


TABLE  5.1 

Preparation  of  iodides 

Iodide 

Eq.  No. 

Reaction 

HI 

5.1 

2l3-l-N3H^^4HI-l-N3 

5.2 

l3-l-H3S^2HI-l-S 

5.3 

3  I3  -1-  2  P  6  H3O  ^  2  PI3  -1-  6  H3O  ^  6  HI  2  H3PO3 

5.4 

H3 -1-13^2  HI 

5.5 

Tetrahydronaphthalene  -1-  21^  — ►  Naphthalene  -1-  4HI 

Nal 

5.6 

NaOH(aq)  Hl(aq)  ^  Nal  -1-  H^O 

5.7 

Na3C03  -1-  2HI  ^  2NaI  -1-  CO3  -h  H^O 

KI 

5.8 

6KOH(aq)  -h  313(5)  ^  5KI  (aq)  -1-  KIO3  -1-  3H3O 
2KI03(aq)  -1-  3C(s)  ^  2KI  (aq)  -1-  3CO3 

5.9 

Fe-l-I  ^Fel 

3  FeI^-(-I^^Fe3l^ 

Fe3l3  -I-  4K3CO3  ^  8  KI  4CO3  -h  Fe30^ 


5.10 

HI  -1-  KHCO3  ^  KI  H3O  -1-  CO3 

Cul 

5.11 

CuSO,  -1-  2KI  ^  CUI3  +  K3S0^ 

2Cul3^2CuI-l-l3 

Agl 

5.12 

KI  -1- AgNOj  ^  Agl  -H  KNO3 

TABLE  5.2  Thermochemical  properties  of  iodides 


HI 

Nal 

KI 

Cul 

Agl 

Melting  point  (°C) 

-50.8 

662 

681 

606 

558 

Boiling  point  (°C) 

-35.55 

1304 

1330 

-1290 

1506 

Aj7/°  kcal  mol"' 

6.33 

-68.79 

-78.37 

-16.20 

-14.8 

AjG“  kcal  mol"' 

0.406 

-68.38 

-77.65 

-16.61 

-15.8 

S°  cal  deg"'  mol"' 

49.38 

23.54 

25.4 

23.11 

27.6 

cal  deg"'  mol"' 

6.98 

12.45 

12.65 

12.93 

13.6 
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5.8  NITROGEN  TRIIODIDE 

Nitrogen  iodide  (NI^)  was  first  prepared  by  B.  Courtois  in  1813.  The  reaction  of 
iodine  with  aqueous  ammonia  yields  an  explosive  brown  solid  claimed  to  be  nitrogen 
triiodide  [21].  This  simple  reaction,  however,  does  not  render  NI^  Instead,  either 
[NIj*NHj]  or  [NIj*(NHj)j]  is  formed;  both  are  complexes  of  ammonia.  The  reaction 
of  iodine  crystals  with  aqueous  ammonia  can  be  represented  by  3l2(s)  +  5NHj(aq)  ^ 
NIj*NHj(s)  +  3NH^I(aq).  Deep-red,  adduct-free  NI^  can  be  isolated  from  the  reaction 
of  boron  nitride  with  iodine  monofluoride  in  trichlorofluoromethane  (CCljF)  at 
-30°C  by  sublimation  at  low  temperature:  BN-h3IF^NIj-i-BF3  [22].  NI^  is  an 
extremely  sensitive  contact  explosive:  small  quantities  explode  with  a  loud,  sharp 
snap  when  touched  even  lightly,  releasing  a  purple  cloud  of  iodine  vapor.  The  deto¬ 
nation  of  NIj  can  be  represented  by  2NIj(s)  ^  N^Cg)  +  312(g). 


5.9  IODINE  PENTOXIDE 

Iodine  pentoxide,  IjOj,  MW  333.81  g  mol"',  mp  275°C  (dec.),  is  an  iodic  anhydride 
and  can  be  derived  from  the  periodate  by  dehydration:  2HI03^I205H-H20.  It  forms 
white  needle-like  crystals,  which  are  easily  dissolved  in  water  to  generate  the  peri¬ 
odate.  Iodine  pentoxide  is  not  readily  soluble  in  polar  solvents,  such  as  ethanol,  ethyl 
ether,  chloroform,  and  carbon  disulfide.  It  is  used  as  an  oxidant  and  for  the  detection 
of  carbon  monoxide  gas  [23,  24]. 


5.10  INTERHALOGEN  COMPOUND  OF  IODINE 

The  interhalogens  of  the  form  XY  have  physical  properties  intermediate  between 
those  of  the  two  parent  halogens.  The  covalent  bond  between  the  two  atoms  has 
some  ionic  character,  the  less  electronegative  element,  X,  can  be  regarded  as  oxi¬ 
dized,  thus  possessing  a  partial  positive  charge.  The  compounds  of  one  halogen 
bound  to  another  are  called  interhalogens  or  interhalogen  compounds.  The  main 
reason  for  their  formation  is  the  large  electronegativity  and  the  size  differences 
between  the  different  halogens.  All  combinations  of  F,  Cl,  Br,  and  I,  which  have  the 
earlier-mentioned  general  formula,  are  known,  but  not  all  are  stable.  Iodine  com¬ 
bines  exothermically  with  other  halogens  to  form  interhalogen  iodines:  IF,  IF^,  IFj, 
IF^,  ICl,  ICI3,  IBr,  and  IBr^.  In  terms  of  molecular  structure,  it  can  be  noted  that  the 
more  electronegative  (thus  lighter)  halogen  takes  on  the  terminal  positions,  and 
when  iodine  is  present  it  can  be  regarded  as  a  coordination  center.  They  are  divided 
into  the  following  four  types  and  the  least  electronegative  halogen,  iodine,  is 
always  written  first  [3]. 

A  special  case  of  interhalogen  compounds  are  those  containing  iodine  only: 
so-called  polyiodides.  The  triiodide  ion  can  be  regarded  as  the  most  simple  polyio¬ 
dide  ion.  Polyiodides  are  formed  with  a  wide  range  of  cations  and  with  varying 
ratios  between  iodide  and  iodine.  The  vast  majority  of  polyiodides  can  be  rationalized 
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in  terms  of  the  composition  m\~  n\^,  making  up  pentaiodides,  heptaiodides,  and  so 
on,  often  forming  interesting  and  low-dimensional  crystalline  compounds  [25].  The 
bonding  in  polyiodides  is  complex  involving  contributions  from  long-range  covalent 
interaction,  as  well  as  induction,  ion-quadrupole,  and  dispersion  interactions  [26]. 

5.10.1  Iodine  Monochloride 

Iodine  monochloride,  ICl,  exists  in  two  modifications:  stable  black  needles,  known  as 
the  alpha  form,  and  a  labile,  metastable  beta  modification  consisting  of  black  platelets. 
The  alpha  form  melts  at  27.3°C  and  the  beta  form  melts  at  13.9°C.  Liquid  ICl  has 
bromine-like,  reddish-brown  color;  its  density  is  3.10g  ml“*  at  29°C;  and  it  decomposes 
at  around  100°C  [27].  ICl  is  produced  by  simply  combining  iodine  and  chlorine  in  a 
1 : 1  molar  ratio,  according  to  Equation  5.21.  Aqueous  solutions  of  ICl  are  prepared  by 
passing  chlorine  gas  through  a  suspension  of  iodine  in  moderately  strong  hydrochloric 
acid:  Equation  5.22  [28,  29].  Because  of  the  difference  in  electronegativity  of  iodine 
and  chlorine,  ICl  is  highly  polar  and  is  used  as  a  source  of  electrophilic  iodine  (L)  in 
the  synthesis  of  certain  aromatic  iodides,  such  as  5-amino-2,4,6-triiodobenzene-l,3-di- 
oic  acid  (see  Chapter  19).  It  also  cleaves  C-Si  bonds.  ICl  also  adds  to  the  double  bond 
in  alkenes  to  give  chloro-iodo  alkanes:  RCH=CIIR'h-IC1^RCH(I)-CH(C1)R'. 


5.10.2  Iodine  Pentafluoride 

Iodine  pentafluoride,  lE^,  is  a  colorless  to  yellowish  liquid  with  a  pungent  odor;  it 
fumes  in  air,  its  density  being  3.19g  ml“',  freezes  at  9.43°C,  and  boils  at  100. 5°C.  It 
hydrolyzes  spontaneously  forming  hydrogen  fluoride  and  iodic  acid.  lE^  is  best 
obtained  by  passing  fluorine  gas  over  iodine  under  cooling:  Equation  5.16  [30].  Also, 
it  may  be  prepared  by  the  reaction  of  fluorine  with  iodine  trifluoride  or  the  heating  of 
potassium  iodide  with  stoichiometric  amounts  of  fluorine:  Equations  5.17  and  5.18. 
IFj  is  used  as  a  fluorinating  agent  in  organic  synthesis,  but  in  comparison  to  BrEj  or 


TABLE  5.3  Interhalogen  iodine  compounds 


Type 

XY 

XY3 

XY3 

XY, 

Structure 

Linear 

Distorted  trigonal 

Distorted 

Pentagonal 

bipyramidal 

octahedral 

bipyramidal 

(dsp^ 

(d^sp^ 

(d’sp^ 

hybridization) 

hybridization) 

hybridization) 

Fluoride 

Iodine  monofluoride 

Iodine  trifluoride 

Iodine 

Iodine 

(IF) 

(IF3) 

pentafluoride 

heptafluoride 

(IF3) 

(IF,) 

Chloride 

Iodine  monochloride 

Iodine  trichloride 

(ICl) 

(ICI3) 

Bromide 

Iodine  monobromide 

Iodine  tribromide 

(IBr) 

(IBr3) 

X,  iodine;  Y,  fluoride,  chloride,  bromide. 
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CIF,  it  is  less  reactive.  In  addition,  at  room  temperature  there  is  no  reaction  between  IF^ 
and  chlorine  or  bromine;  with  increased  temperature,  oxidation  of  chlorine  and  bromine 
occurs,  though.  Iodine  is  soluble  in  IF^  but  does  not  react  with  it  [31-33].  The  main 
application  of  IFj  is  in  the  production  of  alkyl  iodides  containing  fluorine.  These  are 
valuable  intermediates  in  the  synthesis  of  perfluoralkylated  organic  compounds: 
5CF2=CF2+2  Ij+IFj  ^  SCjFjI  (see  Chapter  29).  IF^  is  also  used  for  etching  in  the  man¬ 
ufacture  of  semiconductors  and  is  used  in  incendiaries  (Tables  5.3, 5.4, 5.5, 5.6,  and  5.7). 


TABLE  5.4  Physical  properties  of  interhalogen  iodine  compounds 


Molecular 

formula 

IF 

IF3 

IF5 

IF, 

ICl 

ICI3 

IBr 

Molar 

145.903 

183.9 

221.89 

259.90 

162.35 

233.26 

206.904 

mass,  g 

mol"' 

Appearance 

Unstable 

Yellow 

Colorless 

Colorless 

Red  to 

Yellow 

Dark-red 

brown 

solid 

or  pale 

gas 

brown 

solid 

solid 

solid 

yellow 

liquid, 

liquid 

black 

crystals 

Density  g 

3.19 

2.8  (6°C) 

3.10 

3.203 

cm"^ 

Melting 

^5°C 

Dec. 

9.43°C 

4.5“C 

27.2°C  (a). 

~33°C 

42“C 

point 

above 

(tp) 

13.9  °C 

-28°C 

(P) 

Boiling 

100.5°C 

4.8°C 

9TC 

116°C 

point 

(subl. 

1  atm) 

Solubility 

Reacts 

Soluble 

Flydrolysis 

in  water 

TABLE  5.5  Preparation  of  interhalogen  compounds 


Interhalogen 

Eq.  No. 

Preparation 

IF 

5.13 

\  +  F^^21F  (-45°C) 

5.14 

Ij-tAgF^IF-tAgl 

IF3 

5.15 

IF-hF3^IF3 

IF3 

5.16 

I3  +  5F3^2IF3 

5.17 

IF3-hF3^IF3 

5.18 

5AgF -1-313^^3-1- 5  Agl 

IF, 

5.19 

IF  -i-F  ^IF 

5  2  7 

5.20 

Pdl3-t8F3^2IF3-HPdF3 

ICl 

5.21 

I3-HC13^2IC1 

5.22 

5l3-h4HCl-i-3Cl3^  10IC1-(-2H3 

ICI3 

5.23 

l3-H3Cl3^2ICl3  (-80°C) 

5.24 

I3O3  -H  lOHCl  ^  2ICI3  -1-  5H3O  -t  2CI3 

IBr 

5.25 

l3-HBr3^2IBr  (60°C) 

HI 

Iodide 

Formula 

He 

Hydrogeo 

Element 

Name 

Hehum 

10034-85-2 

CAS  NO 

-50.8 

Mp 

"C 

Lil 

Bel2 

BI3 

CI4 

NI3 

'2°5 

'P5 

Ne 

Ulhium 

Beryllium 

Boron 

Carbon 

Nitrogen 

Oxygen 

Fluorine 

Neon 

10377-51-2 

7787-53-3 

13517-10-7 

507-25-5 

13444-85-4 

12029-98-0 

7783-66-6 

469 

480 

49.7 

168 

— 

275 

9.43 

Nal 

Mgl, 

AII3 

Sil4 

P'3 

SI 

IQ 

Ar 

Sodium 

Magusium 

Aluminum 

Silicon 

Phosphorus 

Sulfur 

Chlorine 

Argon 

7681-82-5 

10377-58-9 

7784-23-8 

13465-84-4 

13455-01-1 

1312-15-8 

779099-0 

661 

63. 

118.28 

120.5 

61.2 

27.2(0  ) 
13.9<p) 

KI 

Col,. 

Scl^ 

™4 

VI3 

Oh 

Mnlj 

Pdj 

Colj 

bTii, 

Cul 

Znij 

GaL, 

Gel, 

Aalj 

Sel, 

IBr 

Kr 

Pola^sium 

Calcium 

Scandium 

Titanium 

Vanadium 

Cromium 

Manganese 

Iron 

Cobalt 

Nickel 

Copper 

Zinc 

Galium 

Germanium 

Amenic 

Selenium 

Bromine 

Krypton 

7681-11-0 

10102-58-8 

14474-33-0 

7720-83-4 

15513-94-7 

13478-28-9 

7790-33-2 

7783-86-0 

15238-00-3 

13462-90-3 

7681-65-4 

10139-47-6 

13450-91-4 

13573-08-5 

7784-45-4 

81256-76-0 

7789-33-5 

681 

783 

953 

155 

300dec 

867 

638 

594 

520 

800 

591 

450 

212 

428 

141 

42 

Rbl 

Sil, 

Y13 

Ztl4 

Nbl, 

M0I4 

Tc 

RUI3 

KIUj 

Agl 

Inl3 

Sn^ 

Sbl3 

Tel4 

'2 

Xe 

Rubidium 

Strontium 

Yttrium 

Zirconium 

Niobium 

Molybdenum 

Technetium 

Ruthenium 

Rhodium 

Palladium 

Silver 

Cadmium 

Indium 

Tin 

Antimony 

Tellurium 

Iodine 

Xenon 

7790-29-6 

10476-86-5 

13470-38-7 

13986-26-0 

13779-92-5 

14055-75-5 

13896-65-6 

15492-38-3 

7790-38-7 

7783-96-2 

7790-80-9 

13510-35-5 

779047-8 

779044-5 

7790-48-9 

7553-56-2 

656 

538 

997 

500 

327 

927 

300dec 

360dec 

558 

388 

207 

143 

171 

280 

113.7 

Csl 

Bal2 

Lalj 

R0I3 

Oslj 

Aul 

155 

Til 

P0I4 

Atlj 

Rn 

Cesium 

Barium 

Irtnihaniim 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Iridium 

Platinum 

Gold 

Mercury 

Thallium 

Lead 

Bismuth 

Polonium 

Astatin 

Radon 

7789-17-5 

13718-50-8 

13813-22-4 

13777-23-6 

14693-81-3 

13470-17-2 

15622-42-1 

59201-58-0 

779041-2 

7790-39-8 

10294-31-2 

7774-29-0 

7790-30-9 

10101-63-0 

7787-64-6 

61716-27-6 

7784-45-4 

632 

711 

778 

449tp 

496 

800dec 

325dec 

120dec 

256 

442 

410 

408.6 

>200 

141 

Fr 

Ral,6R,0 

Aclj 

Rf 

Db 

Sg 

Bh 

Hs 

Mt 

Ds 

Rg 

Cn 

Uut 

n 

Uup 

Lv 

Uus 

Uuo 

Francium 

Radium 

Actinium 

Rutberfordium 

Dubnium 

Se^rgium 

Bohrium 

Hassium 

Meimeriurn 

Darmstadtium 

Roentogenium 

Coperaleium 

Ununtrium 

Flerovium 

Ununpentium 

Livermoiium 

Ununsptium 

Ununoctium 

20610-52-0 

33689-82-6 

Prij 

Snrl, 

""'3 

Cerium 

Praseodymirmr 

Neodymium 

Promethium 

Samarium 

Europium 

Gadolinium 

Terbium 

Dysprosium 

Holmirrm 

Erbium 

Thulium 

Ytterbium 

Lutetium 

19139-47-0 

13813-24-6 

13818-73-0 

32248-43-4 

22015-35-6 

13572-98-0 

13813-40-6 

15474-63-2 

13813-41-7 

13813-42-8 

13813-43-9 

13813-44-0 

13813-45-1 

808 

738 

787 

695 

520 

580 

930 

955 

978 

994 

1014 

1021 

700 

1050 

Thl4 

Pal3 

UI3 

Nplj 

Pulj 

Amlj 

Cmlj 

Bkl3 

Cfl, 

ESI3 

Fm 

Md 

No 

Lr 

Thorium 

Protactinium 

Uranium 

Neptunium 

Plutonium 

Amiicium 

Curium 

Berkeiium 

CMifomium 

Einsteinium 

Fermium 

Mendelevrum 

Nobehum 

Lawrencium 

779(M9-0 

19415-71-5 

13775-18-3 

37501-52-3 

13813-46-2 

13813-47-3 

14696-85-6 

23171-53-1 

20758-81-0 

99644-28-7 

556 

766 

760 

777 

950 

TABLE  5.6  Table  of  inorganic  iodides 


TABLE  5.7  Physical  constants  of  inorganic  compounds  [34] 
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Name:  Systematic  name  for  the  substance.  The  valence  state  of  a  metallic  element  is  indicated  by  a  roman  numeral,  for  example,  copper  in  the  +1  state  is  written  as  copper(I) 
rather  than  cuprous,  iron  in  the  +3  state  is  iron(III)  rather  than  ferric. 

Formula:  The  simplest  descriptive  formula  is  given,  but  this  does  not  necessarily  specify  the  actual  structure  of  the  compound.  For  example,  Gallium(III)  iodide  is  the  chemical 
compound  with  the  formula  Ga^I^.  It  reversibly  forms  Gal3. 
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6.1  INTRODUCTION 

Generally  organic  iodides  can  be  divided  into  two  classes  of  alkyl  iodides  and  aryl 
iodides.  These  iodides  are  applied  for  synthesis  of  various  types  of  organic 
compounds.  Since  alkyl  halides  react  mainly  by  heterolytic  cleavage  of  the  carbon- 
halogen  bond,  alkyl  iodides  bearing  the  polar  C-I  bond  show  the  highest  reactivity 
among  them.  Typical  reactions  of  alkyl  iodides  include  nucleophilic  substitution, 
elimination,  reduction,  and  the  formation  of  organometallics.  On  the  other  hand,  aryl 
halides  are  compounds  containing  halogen  attached  directly  to  an  aromatic  ring.  Aryl 
halides  do  not  undergo  direct  displacement  by  nucleophiles  observed  in  the  case  of 
alkyl  halides,  that  is,  2-type  reactions,  because  of  their  low  reactivity  toward 
nucleophilic  substitution.  Accordingly,  aryl  iodides  undergo  nucleophilic  substitution 
only  when  substrates  are  activated  or  benzyne  intermediates  are  involved.  Therefore, 
aryl  iodides  undergo  nucleophilic  substitutions,  iodine-metal  exchange  for  organo- 
metallic  compounds,  and  coupling  reactions.  Since  the  organic  iodides  are  widely 
used  in  organic  synthesis,  this  chapter  deals  with  typical  reactions  for  synthesis  of 
alkyl  and  aryl  iodides. 
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6.2  lODINATION  OF  ALIPHATIC  HYDROCARBONS 

Generally,  halogenation  is  an  important  method  for  functionalization  of  hydrocarbons. 
The  process  proceeds  with  a  radical  chain  mechanism,  which  is  initiated  by  a  radical 
initiator  or  photolysis.  The  hydrogen  atom  abstraction  step  is  rate-limiting.  However,  it 
is  difficult  for  the  iodination  of  hydrocarbons  to  occur  directly  because  the  abstraction 
of  hydrogen  from  hydrocarbons  by  iodine  is  endothermic.  Accordingly,  the  scope  for 
iodination  is  narrow.  The  representative  iodination  is  photoreaction  of  hydrocarbons 
with  f-BuOI  (Scheme  6.1)  [1],  ICl^  [2],  or  lead  tetraacetate  and  iodine  [3]. 

Of-BuOI,  hv,  CCI4 
40°C,  71% 

SCHEME  6.1 

6.3  iodination  OF  AROMATIC  HYDROCARBONS 

Halogenation  of  aromatic  hydrocarbons  is  a  very  important  reaction  via  an  electro¬ 
philic  aromatic  substitution.  The  reactivity  of  the  halogens  increases  in  the  order  < 
Br^  <  Clj.  Molecular  iodine  is  not  a  very  powerful  halogenating  agent  and  only 
reactive  aromatics  such  as  anilines  or  phenolate  anions  are  reactive  toward  iodine. 
Other  aromatics  are  iodinated  with  iodine  together  with  an  activator  such  as  oxidants. 
General  iodinating  agents  for  aromatic  hydrocarbons  are  iodine-periodic  acid 
(Scheme  6.2)  [4],  benzyltrimethylammonium  dichloroiodate  (BTMA  ICl2)-ZnCl2 
[5],  iodine-ceric  ammonium  nitrate  (CAN)  (Scheme  6.3)  [6],  iodine-peracetic  acid 
(Scheme  6.4)  [7],  iodine  monochloride-ZnClj  (Scheme  6.5)  [8],  and  iodine-CuCl^ 
(Scheme  6.6)  [9].  Iodine-periodic  acid  is  suitable  for  iodination  of  polyalkylben- 
zenes,  fused  aromatics,  or  moderately  activated  heteroaromatics. 


Me 

Me 


Me 

Me 


I2,  HI04-2H20,  H2SO4,  AcOH,  H2O 


65-70°C,  1  h,  80-87% 

SCHEME  6.2 


Me 

Me 


I2,  CAN,  MeCN 

ArH  - ►  Arl 

SCHEME  6.3 


I2,  ACO2H,  AcOH,  CCI4 
60°C,  3h,  59% 


SCHEME  6.4 
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Me 


Me 


ICl,  ZnCl2,  AcOH 
r.t.,  overnight 


Me 


SCHEME  6.5 


I2,  CUCI2,  AICI3 

ArH  - Arl 

SCHEME  6.6 


Iodine-fuming  sulfuric  acid  is  used  for  iodination  of  aromatics  bearing  deactivat¬ 
ing  groups  such  as  carboxy  and  nitro  groups  [10-12].  Iodination  of  phenols  is 
conducted  by  iodine-potassium  iodide  [13],  the  iodine-morpholine  complex  [14], 
iodine-hydrogen  peroxide  (Scheme  6.7)  [15],  and  BTMA  ICl^  [16].  For  iodination  of 
less  reactive  nitrophenols  and  hydroxybenzoic  acids,  BTMA  ICl^  [16]  and  iodine 
monochloride  [17,  18]  are  used. 


HO 


CH2CHCO2H 

I 

NH, 


I2,  H2O2,  AcOH,  HCl 
60-65°C,  5  min,  71% 


HO 


CH2CHCO2H 

I 

NH2 


SCHEME  6.7 

Aromatic  amines  are  efficiently  iodinated  by  BTMA  IClj-calcium  carbonate 
(Scheme  6.8)  [19].  Aniline  reacts  with  iodine  in  the  presence  of  sodium  hydrogen 
carbonate  to  give  4-iodoaniline  in  high  yield  [20].  Aminobenzoic  acids  [21]  and 
nitroanilines  [22]  are  iodinated  by  iodine  monochloride.  Acetoanilides  are  iodinated 
by  BTMA  ICl^  [23]  or  iodine  monochloride  [24]. 


BTMA  ICI2,  CaC03 


CH2CI2,  MeOH,  r.t.,  4h,  96% 


I 


I 


SCHEME  6.8 

Effective  iodination  of  aromatic  ethers  is  performed  by  BTMA  ICl^-ZnCl^ 
(Scheme  6.9)  [25],  tetrabutylammonium  iodide-CAN  [6],  or  iodine-silver  trifluoro- 
acetate  [26]. 


MeO 


OMe 


BTMA  ICI2,  ZnCl2 
AcOH,  r.t.,  15h,  92% 


MeO 


OMe 


SCHEME  6.9 
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Recently,  it  was  reported  that  iodination  of  aromatic  hydrocarbons  is  promoted  by 
a  hypervalent  iodine  reagent.  The  iodination  was  conducted  using  the  following 
reagents:  iodine — [bis(trifluoroacetoxy)iodo]benzene  and  iodine — (diacetoxyiodo) 
benzene  [27].  Similarly,  other  [bis(acyloxy)iodo]arenes  are  employed  for  iodination 
of  aromatics  [28].  In  addition,  heteroaromatic  compounds  are  effectively  iodinated  by 
iodine-[bis(trifluoroacetoxy)iodo]benzene  [29,  30].  Bis(pyridine)iodine(I)  tetrafluo- 
roborate  [I(py)2BF^]  [31]  or  bis(2,4,6-trimethylpyridine)iodine(I)  hexafluorophos- 
phate  [I(2,4,6-Mejpy)2PFg]  [32]  is  a  powerful  reagent  for  iodination  of  aromatics. 


6.4  IODINATION  OF  ALKENES 


6.4.1  Addition  of  Iodine  or  lodine-Interhalogen  Compounds 


Most  alkenes  are  easily  halogenated  with  bromine,  chlorine,  or  interhalogen  com¬ 
pounds.  Iodination  has  also  been  accomplished,  but  the  reaction  is  slower.  Since 
vic-diiodoalkanes  are  generally  unstable  and  tend  to  revert  to  iodine  and  the  alkene, 
direct  iodination  has  not  been  utilized  frequently  [33,  34]. 

Iodine  monochloride  and  iodine  monobromide  are  more  reactive  than  iodine  and 
readily  react  with  alkenes  to  give  the  corresponding  vic-chloroiodo-  or  bromoiodoal- 
kanes  (Scheme  6.10)  [35-37].  The  same  products  are  also  obtained  by  reaction  with 
CuXj-iodine  (Scheme  6.11)  [38].  Iodine  monofluoride  is  more  reactive  than  iodine 
monochloride  and  undergoes  regio-  and  stereoselective  addition  to  alkenes  to  give 
vic-fluoroiodoalkanes  [39].  Similarly,  vic-haloiodoalkanes  can  be  prepared  by  using 
I(py)^BF^-BF^-,  I(py)^BF^-Cl-,  or  I(py)^BF^-Br  (Scheme  6.12)  [31]. 


ICl,  NaOAc-SHjO 
AcOH,  20°C,  2h,  79% 


SCHEME  6.10 


I2,  CUO-HBF4,  Nal 
CH2CI2,  r.t.,  4h,  79% 


SCHEME  6.11 


SCHEME  6.12 
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lodination  of  cyclic  enones  is  furnished  by  iodine-pyridine  to  give  a-iodoalkenes 
(Scheme  6.13)  [40].  This  reaction  proceeds  with  nucleophilic  addition  of  pyridine 
followed  by  trapping  the  resulting  enolate  with  iodine  and  the  subsequent  elimina¬ 
tion  of  pyridine. 


O  O 

I2,  pyridine,  ether 
r.t.,  2.5  h,  69% 

SCHEME  6.13 

6.4.2  Addition  of  Hydrogen  Iodide 

In  the  addition  of  hydrogen  halides  to  alkenes,  it  is  generally  found  that  the  halogen 
atom  becomes  attached  to  the  more  substituted  carbon  atom  (Markovnikov’s  rule). 
The  order  of  reactivity  of  the  hydrogen  halides  is  HI  >  HBr  >  HCl.  The  addition  of 
hydrogen  iodide  to  alkenes  gives  iodoalkanes  [41].  In  the  addition  of  hydrogen 
iodide,  the  reaction  with  Kl-phosphoric  acid  on  heating  gives  a  better  result  than  the 
direct  reaction  with  hydrogen  iodide  (Scheme  6.14)  [42]. 


^  ^  ^  KI,H3P04 

80°C,  3h,  95% 

SCHEME  6.14 

Synthesis  of  the  anfi-Markovnikov  addition  product  with  HI  is  accomplished  by 
hydroboration  of  alkenes  followed  by  reaction  with  iodine-sodium  hydroxide 
(Scheme  6.15)  [43],  iodine-sodium  methoxide  [44],  iodine  monochloride-sodium 
acetate  [45],  and  or  sodium  iodide-chloramine  T  [46].  Hydroalumination  of  alkenes 
followed  by  lodination  also  affords  the  anti-Markovnikov  type  of  iodoalkanes  [47]. 


B2H6,  THF 

C-C6HiiCH=CH2  - 

25“C,  1  h 

I2,  NaOH 

MeOH,  66% 

SCHEME  6.15 

6.4.3  Addition  of  Hypoiodous  Acid  or  the  Related  Compounds 

Hypoiodous  acid  (HOI)  generated  from  periodic  acid-sodium  hydrogen  sulfite  [48], 
iodine-iodic  acid  [49],  and  iodine-hydrogen  peroxide  (Scheme  6. 16)  [50]  add  alkenes 
to  give  iodohydrins.  The  same  addition  reaction  also  occurs  with  I(py)2BF^-H20  [31]. 
In  the  presence  of  alcohols,  alkenes  are  converted  to  vic-alkoxyiodoalkanes  by 
the  reaction  with  iodine-Cu(OAc)2  (Scheme  6.17)  [51],  BTMA  ICl^  [52], 


(c-C6HiiCH2CH2)3B 

C-C6H11CH2CH2I 
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I.I2,  H2O 

PhCH  =  CH2  - 

2.  H2O2,  acetone 


PhCHCH2l 

I 

OH 


SCHEME  6.16 


I2,  Cu(0Ac)2-H20 


15  h,  70% 


SCHEME  6.17 


Me 


A-iodosuccinimide  (NIS)  [53],  I(py)2BF^  [31],  or  iodine  monochloride  [54].  Acetyl 
hypoiodite  (AcOI)  in  situ  generated  from  iodine-thallium(l)  acetate  undergoes  trans 
addition  toward  alkenes  to  afford  vic-acetyliodoalkanes  (Scheme  6. 1 8)  [55] .  Similarly, 
iodohydrin  esters  are  obtained  by  reaction  of  alkenes  with  iodine-silver  carboxylates 
[56],  or  with  NIS  [57]  or  l(py)2BF^  [31]  in  the  presence  of  carboxylic  acid. 


AcOTl,  I2,  AcOH 
20°C,  4h;  90°C,  2h,  85% 


SCHEME  6.18 


6.4.4  Addition  of  Other  Iodine  Compounds 

Iodine  azide  in  situ  prepared  from  iodine  monochloride  and  sodium  azide 
(Scheme  6. 19)  [58,  59],  iodine  isocyanate  generated  from  iodine  and  silver  isocyanate 
(Scheme  6.20)  [60],  and  iodine  thiocyanate  generated  from  iodine-potassium  thiocy¬ 
anate  or  iodine-thiocyanogen  (Scheme  6.21)  [61,  62]  undergo  stereo  specific  trans 
addition  to  alkenes  to  give  vic-azidoiodoalkanes,  p-iodoisocyanates,  and 
P-iodothicyanates,  respectively.  Reaction  of  alkenes  with  dinitrogen  tetraoxide  in  the 
presence  of  iodine  affords  vic-nitroiodoalkenes  by  addition  of  in  situ  generated 
iodine  nitrite  (Scheme  6.22)  [63].  On  the  other  hand,  iodoalkyl  nitrates  are  obtained 
by  addition  of  iodine  nitrate  generated  by  iodine-dinitrogen  tetraoxide  or  by  adding 
iodine-silver  nitrate  [64].  Treatment  of  alkenes  with  l(py)2BF^  in  the  presence  of 
acetonitrile  or  aromatic  compounds  gives  p-acetylamino-  or  aryl-substituted  iodoal- 
kanes,  respectively  (Scheme  6.23)  [31]. 


Ph 


CH(OMe)2 


NaNj,  ICl,  MeCN 
r.t.,  12h,  97-98% 


1 

I 

PhCHCHCH(OMe)2 

N3 


SCHEME  6.19 
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^  I2,  AgNCO,  ether 

^  0-5“C,  2h;r.t.,  6h 


LiOMe,  ether 
r.t.,  1  h,  60-62% 


NCO 


SCHEME  6.20 


I2,  KSCN,  CHCls/sulfolane  (1:1) 
in  the  dark,  21  h,  96% 


SCHEME  6.21 


H2C  =  CHC02Me 


I2,  N2O4,  ether 
0°C,  30  h,  78-79% 


02NCH2CHC02Me 

I 

I 


NaOAc,  ether 


O2N 


0°C,  88-91% 

SCHEME  6.22 


C02Me 


NHCOMe 


I(py)2BF4,HBF4 

MeCN,  -30“C 
2h,  49% 


I(py)2BF4,  HBF4 


benzene,  20  °C 
2h,  41% 


SCHEME  6.23 


6.5  lODINATION  OFALKYNES 


6.5.1  lodination  of  Terminal  Alkynes 

lodination  of  1 -alkynes  gives  1-iodoalkynes  in  which  the  terminal  hydrogen  is 
replaced  by  iodine.  The  iodination  of  1 -alkynes  is  furnished  by  direct  reaction  with 
iodine-liquid  ammonia  [65]  and  the  iodine-morpholine  complex  (Scheme  6.24) 
[66],  or  by  reaction  of  lithium  acetylides  with  iodine  (Scheme  6.25)  [67]  and  hepta- 
fluoro-l-iodopropane  [68]. 


I,-HN  O,  MeOH 


PhC  E  CH 


r.t.,  several  days,  75% 


PhCEC— I-HN  O 


SCHEME  6.24 
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n-BuC  E  CH 


BuLi 

ether 


n-BuC  E  CLi 


h 

8^ 


n-BuCEC-I 


SCHEME  6.25 


6.5.2  Addition  of  Iodine  to  Alkynes 

Addition  of  iodine  to  alkynes  occurs  easily  compared  with  alkenes.  However, 
1,2-diiodoalkenes  thus  formed  readily  undergo  cis-tmns  isomerization  in  the 
presence  of  a  small  amount  of  iodine  (Scheme  6.26)  [69].  In  the  case  of  alkynes 
bearing  an  electron-withdrawing  group  such  as  ester,  iodoakenes  are  obtained  by 
nucleophilic  addition  of  sodium  iodide  (Scheme  6.27)  [70].  Addition  of  hydrogen 
iodide  to  alkynes  proceeds  according  to  the  Markovnikov  rule  but  is  not  influenced 
by  the  presence  of  peroxides  [71].  Addition  of  iodine  monochloride  to  alkynes  takes 
place  regio-  and  stereoselectively  to  give  (ZTl-vic-chloroiodoalkenes  [72]. 


ClCHoC  E  CCHjCl  - 

80°C,  15  h,  59% 


I 

C1CH2-C=C-CH2C1 

I 


SCHEME  6.26 


H  -  C02Et 


Nal,  AcOH 
70°C,  12  h,  88% 

SCHEME  6.27 


I  C02Et 


Hydroboration  of  terminal  alkynes  with  catecholborane  (Scheme  6.28)  [73] 
or  the  dibromoborane-dimethy  sulfide  complex  [74]  followed  by  hydrolysis 
gives  (£)-l-vinylboronic  acids  stereospecifically,  which  are  converted  to  (£)- 
iodoalkenes  by  iodonolysis  with  iodine  in  the  presence  of  NaOH. 
Hydroalumination  of  terminal  alkynes  followed  by  iodination  are  also  useful  for 
synthesis  of  (£')-iodoalkenes  [75]. 


CH3(CH2)5C  E  CH  +  r  11^ 

1 .  70°C,  2  h  NaOH,  H,  ether  CH3(CH2)4CH2 

2.  H20, 25°C  0“C,  10  min,  65-75%  '  \  j 

SCHEME  6.28 

On  the  other  hand,  (Z)-l -iodoalkenes  can  be  prepared  by  hydroboration  of  1-iodo- 
alkynes  with  dicyclohexylborane  and  then  protonolysis  with  acetic  acid  [76],  or  by 
iodination  of  (Z)-alkenylcuprates  generated  by  treatment  of  alkynes  with  lithium 
dialkylcuprates  (Scheme  6.29)  [77]. 
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1.  CuBr"Me2S,  ether  I2,  THF, -10“C 

n-BuLi  - ►  - 

2.  HC  =  CH  10  min,  65-75% 

SCHEME  6.29 


w-Bu 


6.6  HALOGEN-IODINE  EXCHANGE  OF  HALO  COMPOUNDS 


6.6.1  Substitution  of  Alkyl  Halides  by  Iodine 

Preparation  of  alkyl  iodides  from  alkyl  halides  is  conducted  by  treating  alkyl  chlorides 
or  bromides  with  Nal  or  KI  in  organic  solvents  such  as  acetone,  2-butanone,  N,N- 
dimethylformamide  (DMF),  and  hexamethylphosphoramide  (HMPA)  (Scheme  6.30). 
This  method  is  easy  to  operate  and  has  a  wide  scope  of  the  reaction  [78-82].  Tertiary 
alkyl  iodides  are  prepared  by  treating  tertiary  alkyl  chlorides  with  Nal  in  the  presence 
of  FeClj  or  ZnCl^  as  catalyst  (Scheme  6.31)  [83].  Alkyl  fluorides  or  chlorides  can  be 
converted  to  alkyl  iodides  by  using  iodotrimethyl silane  [84]. 

Nal,  acetone 

Me3Si(CH2)3Cl  - Me3Si(CH2)3l 

^  r.L,  24  h,  72-81% 

SCHEME  6.30 


Nal,  FeCl3,  CS2 
20°C,  22  h,  96% 

SCHEME  6.31 


6.6.2  Substitution  of  Aryl  Halides  by  Iodine 

Aryl  chlorides  and  bromides  are  activated  by  electron-withdrawing  groups  such  as 
the  nitro  group  and  are  converted  to  the  corresponding  iodides  by  substitution  with 
sodium  iodides  (Scheme  6.32)  [85,  86].  Preparation  of  aryl  iodides  from  aryl 
bromides  without  activated  groups  is  conducted  by  potassium  iodide-copper(I) 
iodide  (Scheme  6.33)  [87]  or  potassium  iodide-nickel  catalysts  [88]. 


NO2 


Nal,  DMF,  reflux 
15  min,  65-71% 

SCHEME  6.32 

KI,  Cul,  HMPA 
150-160°C,6h,  84% 


NO2 


SCHEME  6.33 
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6.6.3  lodomethylation  of  Alkyl  Halides 

lodomethylation  of  primary  alkyl  halides  (Scheme  6.34)  [89,  90]  and  trans  iodopro- 
penylation  of  primary  and  secondary  alkyl  halides  are  developed  (Scheme  6.35)  [90]. 
Similarly,  lodomethylation  of  tellurium  derivatives  is  also  reported  [91]. 

1.  PhSCHjLi,  Cut,  THF 

HoC  =  CHCHjBr  - ►  H2C  =  CHCHoCH,! 

2.  Mel,  Nal,  DMF,  52% 

SCHEME  6.34 


1.  PhCH2Br,  THF 

2.  -55-0°C,  40-47% 


Mel,  DMF 
75-80°C,  74-82% 

SCHEME  6.35 


Ph 


I 


Sulfur  functionality  including  alkylsulfonic  acids,  sufinic  acids,  thiols,  sulfonates, 
disulfides  can  be  replaced  by  iodine  quantitatively  using  triphenylphosphine-iodine 
(Scheme  6.36)  [92].  Organoselenium  dioxides  easily  react  with  sodium  iodide  to 
give  the  corresponding  alkyl  iodides  (Scheme  6.37)  [93]. 

Ph3P,  I2,  benzene 

CH3(CH2)4S03H  - TTT-TTTT - ^  CH3(CH2)4l 

r.t.,  26  h,  81% 

SCHEME  6.36 


O 

CH3(CH2)9SePh 

O 


Nal,  acetone 
20°C,  1  h,  97% 


SCHEME  6.37 


CH3(CH2)9l 


6.6.4  Cyclization-Rearrangement  of  Organoiodine  Compounds 

Organoiodine  compounds  bearing  double  or  triple  bonds  provide  cyclic  iodine  com¬ 
pounds  by  reaction  in  the  presence  of  a  Pd  catalyst  (Scheme  6.38)  [94-96]  or  a 
catalytic  tin  compound  (Schemes  6.39  and  6.40)  [97-99].  Such  cyclization  reactions 
are  observed  efficiently  in  the  cases  of  6-iodoalkenes  or  alkynes. 


C02Et 


C02Et 

Pd(PPh3)4,  proton  sponge 
HMPA,  65°C,  1 5  min,  75% 

I 

C02Ph 


SCHEME  6.38 
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10%  Bu3  SnSnBu3,  benzene 
80°C,  hv,  30  min,  72% 

SCHEME  6.39 


I  Me 
Me 


10%  Bu3SnH,  5%  AIBN 
benzene,  reflux,  2  h,  84% 


Me 


Me 


EIZ=  15/1 


SCHEME  6.40 


6.7  lODINATION  OF  ORGANONITROGEN  COMPOUNDS 


A  typical  method  for  synthesis  of  aromatic  iodides  is  diazotization  of  primary  aro¬ 
matic  amines  followed  by  treatment  of  potassium  iodide  (Scheme  6.41)  [100-104]. 
When  stable  arenediazonium  tetrafluoroborates  are  isolated  and  then  react  with 
iodine  under  phase-transfer  conditions,  aryl  iodides  are  obtained  in  high  yields  at 
room  temperature  for  a  short  time  (Scheme  6.42)  [105].  Aromatic  amines  can  be 
converted  to  aryl  iodides  in  nonaqueous  solutions  by  diazotizing  with  organic  nitrites 
such  as  amyl  nitrite  and  the  subsequent  decomposition  in  the  presence  of  iodine 
(Scheme  6.43)  [106]  or  iodotrimethylsilane  [107].  Especially,  use  of  t-butylthioni- 
trite  gives  a  higher  yield  of  iodides  than  that  of  alkyl  nitrites  (Scheme  6.44)  [108]. 


1. NaNOj,  HCl 

2.  KI,  72-83% 


SCHEME  6.41 


Br 


N2+BF4- 


I2,  18-crown-6 
KOAc,  CHCI3 

r.t.,  3  h,  82% 


SCHEME  6.42 


I 


Me 


NH2 


M-C5H11ONO,  I2 
benzene,  4  h,  40% 


SCHEME  6.43 


O2N 


t-BuSNO,  I2,  benzene 
80°C,  15  h,  80% 

SCHEME  6.44 


Me 


I 


O2N 


I 
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Triazenes  are  obtained  by  treating  an  aqueous  solution  of  arenediazonium  salts 
with  diethylamine  [109]  or  pyrolidine  [110]  and  act  as  stable  equivalents  of  diazo- 
nium  salts.  Treatment  of  these  triazenes  with  iodotrimethylsilane  [109],  KI  [110],  or 
Nal-cationic-exchange  resin  (Scheme  6.45)  [111]  affords  aryl  iodides  in  high  yields. 
Specially,  the  latter  method  is  applied  to  synthesis  of  aryl  iodides  containing  the 
radioactive  isotope  of  iodine.  As  the  related  methods  for  synthesis  of  iodides,  decom¬ 
position  of  hydrazines  [112]  and  hydrazones  [113]  and  radical  decomposition  of  azo 
compounds  [114]  are  known. 


Nal,  H-type  cation 
exchange  resin 

N=N-NEt2  - OjN 

MeCN,  75°C,  5  min,  80% 

SCHEME  6.45 

2,4,6-Triphenylpyrrilium  iodide  reacts  with  a  series  of  alkyl,  benzyl,  and  pridyl- 
amines  to  give  pyridinium  iodides,  which  undergo  thermal  decomposition  to  yield 
iodides  easily  (Scheme  6.46)  [115].  Similarly,  thermal  decomposition  of  pyridinium 
salts  derived  from  benzylamines  and  4,6-diphenylpyran-2-thione  affords  benzylio- 
dides  [116].  Tertiary  nitro-  and  nitrosoalkanes  are  converted  to  iodoalkanes  by  reac¬ 
tion  with  iodotrimethylsilane  [117]. 


Ph 


SCHEME  6.46 

6.8  lODINATION  OF  ALCOHOLS 
6.8.1  Reaction  with  Hydrogen  Iodide 

Aliphatic  alcohols  are  converted  to  alkyl  iodides  by  treating  with  HI.  The  reactivity 
of  the  alcohol  increases  in  the  order:  primary  <  secondary  <  tertiary.  lodination  of 
a,(i)-diols  (Scheme  6.47)  [118]  or  benzyl  alcohols  [119]  also  gives  the  corresponding 
iodides  in  high  yields.  However,  there  are  drawbacks  in  that  secondary  and  tertiary 
alcohols  bearing  aryl  groups  at  the  a-position  are  not  applied  due  to  reduction  hy  HI 
and  branched  alcohols  cause  isomerization.  lodination  with  Kl-phosphoric  acid 
reduces  the  side  reactions  and  is  applied  to  a  wide  variety  of  alcohols  such  as  ali¬ 
phatic  and  alicyclic  alcohols  to  give  the  corresponding  iodides  in  high  yields 
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(Schemes  6.48  and  6.49)  [120].  lodination  with  KI-HF  pyridine  is  also  applicable  to 
a  wide  variety  of  alcohols  and  is  an  excellent  method  without  isomerization  and  race- 
mization  [121]. 


HI  (d  1.94) 

HO(CH2)ioOH  - ►  KCHjliol 

reflux,  6  h,  89% 

SCHEME  6.47 


Kl,  H3PO4 

Me3COH  - Me3Cl 

100-120°C,  90% 

SCHEME  6.48 


Kl,  H3PO4 

H0(CH2)60H  - ^  I(CH2)6l 

100-120°C,  3-5  h,  83-85% 


SCHEME  6.49 


6.8.2  Reaction  with  Phosphorous  Triiodide 

Phosphorous  triiodide  (PI^)  formed  from  red  phosphorous-iodine  reacts  with  alcohols 
to  give  alkyl  iodides.  For  the  reaction  of  secondary  and  tertiary  alcohols,  it  is  required 
to  conduct  at  a  low  temperature  to  prevent  the  formation  of  alkenes  (Scheme  6.50) 
[122,  123].  Diphosphorous  tetraiodide  reacts  with  primary,  secondary,  and  tertiary 
alcohols  and  a.co-diols  under  milder  conditions  to  give  the  corresponding  alkyl 
iodides  in  high  yields  (Scheme  6.51)  [124]. 


C16H33OH 


red  P,  I2 

140-150°C,5h,  85% 


SCHEME  6.50 


C16H33I 


P2I4,  CS2 
20°C,  0.5  h,  86% 

SCHEME  6.51 


6.8.3  Reaction  with  Sulfonic  Acid  Esters 

Alcohols  are  converted  to  alkyl  iodides  via  sulfonic  acid  esters.  After  converting 
alcohols  to  p-toluenesulfonic  acid  esters  or  methanesulfonic  esters,  the  reaction  of 
the  sulfonates  with  Nal  or  Kl  in  acetone  or  DMF  (Scheme  6.52)  [125,  126]  or  with 
Mglj  in  ether  [127]  gives  alkyl  iodides  in  high  yields.  Specially,  the  lodination  with 
Mglj  is  suitable  for  the  conversion  of  cyclic  alcohols,  which  needs  severe  conditions 
by  the  method  of  Nal  (Scheme  6.53)  [127].  In  addition,  this  method  can  be  applied 
to  synthesis  of  alkenyl  iodides  from  alkenyl  triflates  [128]. 
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CH2OTS 


CHjOTs 


Nal,  acetone 
Reflux,  80% 


SCHEME  6.52 


CH2I 

[X 


CH2I 


Mgl2,  EtjN,  CS2 
20°C,  10  min,  80% 

SCHEME  6.53 


I 


6.8.4  Reaction  with  Phosphorous  Compounds 

Triphenyl  phosphate-iodine  adduct  (Scheme  6.54)  [129]  and  (PhO)3P(Me)I 
(Scheme  6.55)  [130]  react  with  a  wide  range  of  alcohols  under  mild  conditions  to 
give  the  corresponding  iodides  in  high  yields.  The  method  using  the  reaction  of 
alcohols  with  o-phenylenephophorochloridite  in  the  presence  of  iodine  is  suitable 
for  the  substrates  causing  elimination  reactions  (Scheme  6.56)  [131]. 

Tributyldiiodophosphorane  and  triphenyldiiodophosphorane  generated  in  situ  from 
the  corresponding  phosphines  and  iodine  react  with  primary  and  secondary  alcohols 
in  the  presence  of  HMPA  to  give  the  corresponding  alkyl  iodides  [132]. 


(PhO)3P-l2 

Me3COH - Me3CI 

r.t.,  30  min,  83% 

SCHEME  6.54 


(PhO)3P*CH3l 

(CH3)3CCH20H - ►  (CH3)3CCH2l 

^  24  h,  74-75% 

SCHEME  6.55 


1 .  Pyridine,  ether 

2. 12,  CH2CI2,  25°C,  6h,  87% 


I 


SCHEME  6.56 


Treatment  of  alcohols  with  oxidation-reduction  system  of  diazodicaboxylic  acid 
diethyl  ester  and  triphenylphosphine  [133]  leads  to  the  formation  of  alkoxyphospho- 
nium  salts,  which  are  subject  to  S^  2  replacement  by  iodide  ion  to  give  alkyl  iodides 
with  inversion  of  the  stereochemistry  [134].  The  same  reaction  is  observed  in  the 
case  of  4-methyl- l,2,4-triazolidine-3,5-dione  instead  of  diazodicarboxylic  acid 
diethyl  ester  [135]. 
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6.8.5  Reaction  with  lodotrimethylsilane 

Reaction  of  alcohols  with  two  equivalents  of  lodotrimethylsilane  gives  the 
corresponding  alkyl  iodides  in  high  yields  [136].  As  a  convenient  method,  iodotri- 
methylsilane  generated  in  situ  from  chlorotrimethylsilane  and  Nal  in  MeCN  is 
applied  for  the  iodination  of  alcohols  (Scheme  6.57).  This  method  is  cheap  and  the 
reaction  gets  over  within  a  short  time  (Scheme  6.58)  [137a,  138].  The  method  gener¬ 
ating  lodotrimethylsilane  from  hexamethyldisilane  and  iodine  enables  the  use  of  sol¬ 
vents  otherthan  acetonitrile  [  1 37b] .  In  addition,  hexamethyldisiloxane-polyphosphoric 
acid  trimethyl silyl  ester  is  an  excellent  iodinating  agent  for  primary,  secondary,  and 
benzyl  alcohols  [139]. 


Nal,  Me,SiCl 

ROH  - ►  RI 

MeCN 

SCHEME  6.57 


Nal,  MegSiCl,  MeCN 

PhCH  =  CHCH20H  - on  ■  "  PhCH  =  CHCH2l 

^  25°C,  20  mm,  93% 

SCHEME  6.58 


6.9  iodination  OF  OTHER  COMPOUNDS 


6.9.1  Cleavage-Iodination  of  Ethers 

Although  cleavage  of  the  ether  bonds  by  HI  takes  place,  the  method  using  KI- 
phosphoric  acid  can  be  applied  to  a  wide  range  of  ethers  (Scheme  6.59)  [140,  141]. 
Most  of  the  ethers  undergo  cleavage  by  diborane-iodine  readily  to  afford  iodoalkyl- 
esters  of  boronic  acids,  and  the  subsequent  hydrolysis  gives  alkyl  iodides 
(Scheme  6.60)  [142].  Boron  triiodide  is  also  used  for  synthesis  of  iodides  from  ethers 
[143].  Chlorotrimethylsilane-Nal  reagent  is  good  for  the  iodination  [137a]. 

KI,  polyphosphoric  acid 

CH30(CH2)ioCH(CH3)CH2CH3  - ►  I(CH2)ioCH(CH3)CH2CH3 

134-140°C,  5.5  h,  99% 

SCHEME  6.59 


1. B2H6,l2 

I(CH2)40H  - - 

2.  H2O,  >90% 

SCHEME  6.60 


BI3 

78% 


I(CH2)4l 


Oxiranes  are  converted  to  p-siloxyalkyl  iodides  by  iodotrimethylsilane-triethyl- 
amine  (Scheme  6.61)  [144,  145].  In  addition,  reaction  of  oxiranes  with  iodotrimeth- 
ylsilane  in  the  presence  of  a  reducing  agent  affords  alkyl  iodides  directly  [146]. 
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CH3(CH2)5-C-CH 

H 


2 


MesSil,  EtjN,  CH2CI2 
0°C,  1.5  h,  81% 


OSiMe3 

I 

CH3(CH2)5CHCH2l 

+  (80%) 
I 

CH3(CH2)5CHCH20SiMe3 


(20%) 


SCHEME  6.61 


Reaction  of  a,p-epoxyesters  with  Mgl^  gives  iodohydrins  [147].  Allyl-  and  homoal- 
lyl-epoxyalcohols  react  with  titanium  isopropoxide-iodine  to  give  hydroxyiodohydrins 
(Scheme  6.62)  [148].  Lactones  are  converted  to  iodocarboxylic  acids  and  iodoesters  by 
HI  [149]  and  iodotrimethylsilane-iodine  (Scheme  6.63)  [150],  respectively. 


I2,  Ti(Oi-Pr)4,  CH2CI2 
0°C,  5h,  89% 


OH 


OH 


I 


SCHEME  6.62 


Me3SiI,  EtOH,  CH2CI2 
r.t.,  0.5  h,  >90% 


I(CH2)3C02Et 


SCHEME  6.63 


6.9.2  Decarboxylative  lodination  of  Carboxylic  Acids 

Decarboxylation  of  hypoiodates  generated  from  silver  caboxylates  and  iodine  gives 
iodides  (Hunsdiecker  reaction)  [151].  The  Cristol-Firth  method  [152]  is  suitable  for 
iodination  of  benzoic  acids  and  pyridinecarboxylic  acids  [153].  Irradiation  of 
carboxylic  acids  in  the  presence  of  lead  tetraacetate  and  iodine  causes  decarboxyla¬ 
tive  iodination  to  give  alkyl  iodides  (Barton  reaction)  (Scheme  6.64)  [154].  A  general 
procedure  for  synthesis  of  alkyl  iodides  from  primary,  secondary,  and  tertiary 
alcohols  is  the  method  using  t-butyl  hypoiodite  generated  in  situ  from  potassium 
t-butoxide  and  iodine  [155].  Irradiation  of  carboxylic  acids  in  the  presence  of  (diace- 
toxyiodo)benzene  and  iodine  on  heating  affords  alkyl  iodides  (Scheme  6.65)  [156]. 
This  method  can  be  applied  to  decarboxylative  iodination  of  aromatic  carboxylic 
acids  [157]  and  caged  carboxylic  acids  [158].  This  method  has  the  advantage  that  it 
does  not  need  heavy  metals  such  as  Hg  and  Pb  and  the  workup  is  simple. 


OCOMe 

I 

CH3(CH2)5CH(CH2)ioC02H 


Pb(OAc)4, 12,  CCI4 
hv,  reflux,  82% 


OCOMe 

CH3(CH2)5CH(CH2)ioI 


SCHEME  6.64 
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PhI(OAc)2, 12,  CCI4 

RCO2H  - ►  RI 

hv,  reflux 


SCHEME  6.65 


6.9.3  lodination  of  Carbonyl  and  Related  Compounds 

Although  a-iodocarhonyl  compounds  can  be  prepared  by  lodination  of  carbonyl  com¬ 
pounds  under  basic  conditions  [  1 59] ,  it  is  difficult  to  obtain  highly  pure  a-iodocarbonyl 
compounds  by  direct  lodination  due  to  the  instability.  Accordingly,  they  are  prepared 
by  reacting  enol  acetates  of  ketones  with  NIS  (Scheme  6.66)  [160],  l,3-diiodo-5,5-di- 
methylhydantoin  (DIH)  [161],  or  thallium  acetate-iodine  [162].  Treatment  of  enol 
silyl  ethers  with  silver  acetate-iodine  followed  by  reaction  with  triethylammonium 
fluoride  affords  a-iodocarbonyl  compounds  [163].  Benzaldehyde  is  converted  to  a,a- 
diiodotoluene  by  reaction  with  two  equivalents  of  iodotrimethylsilane  (Scheme  6.67) 
[164].  The  reaction  with  hydrazine  and  iodine  also  provides  a,a-diiodo  compounds 
[165,  166].  However,  this  reaction  in  the  case  of  the  substrates  with  a-hydrogen  gives 
alkenyl  iodides  and  is  utilized  for  the  synthesis  of  alkenyl  iodides  (Schemes  6.68  and 
6.69)  [165,  167,  168].  Direct  a-iodination  of  carboxylic  acids  is  conducted  using 
iodine  and  copper  salts  to  give  the  corresponding  a-iodo  carboxylic  acids  [169]. 


1 

NIS,  dioxane  I 

CH3CH2CH  =  CHOAc  - ►  CH3CH2CHCHO 

75“C,  98% 

SCHEME  6.66 


2  Me3SiI,  CHCI3 
25‘’C,  0.5  h,  51% 

SCHEME  6.67 


CHI2 


SCHEME  6.68 
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H3C 


Et3N,  I2,  THF 


0°C,  20% 


SCHEME  6.69 


6.9.4  Reaction  with  Organometalics 

When  organometalics  containing  Li,  Na,  Mg,  Si,  B,  Tl,  Hg,  Zn,  Cu,  and  so  on,  are 
treated  with  iodine,  they  are  converted  to  the  corresponding  iodides.  This  method  is 
used  for  direct  introduction  of  iodine  to  the  desired  position,  transformation  of  other 
halogens  to  iodine,  and  synthesis  of  polyfunctionalized  iodo  compounds.  It  is  conve¬ 
nient  to  use  the  lithium  compounds  in  order  to  iodinate  the  a-position  of  carhonyl 
compounds  (Scheme  6.70)  [170]  and  transform  aryl  bromides  to  aryl  iodides  [171]. 
Treatment  of  methylsilylated  aromatic  compounds  with  ICl  [172]  or  Nal-NCS 
(Wchlorosuccinimide)  (Scheme  6.71)  [173]  gives  aryl  iodides. 


M-BuCH2C02Et 


2. 12,  THF,  -78“C,  95% 


SCHEME  6.70 


I 

n-BuCHCO,Et 


OAc 


Nal,  NCS,  AcOH 
60°C,  1 1  h,  84% 


OAc 


SCHEME  6.71 
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7.1  INTRODUCTION 

The  first  report  of  a  hypervalent  iodine  compound  in  history  was  in  1886,  when  iodo- 
benzene  dichloride  (PhlCl^)  was  accidentally  obtained  by  Willgerodt  during  his 
attempt  at  ring  chlorination  of  iodobenzene  by  passing  chlorine  gas  to  the  solution  [1]. 
Hence,  the  discovery  of  the  first  hypervalent  iodine  compound  (Willgerodt’ s  reagent) 
is  more  than  100  years  ago.  Nowadays,  hypervalent  iodine  reagents  are  receiving 
considerable  attention  as  an  oxidant  due  to  their  low  toxicity,  mild  reactivity,  ready 
availability,  high  stability,  easy  handling,  and  so  on.  Representative  examples  of  the 
reagents  that  are  used  in  synthesis  are  shown  in  Figure  7.1.  A  predominant  use  of 
these  reagents  is  replacing  the  highly  toxic  heavy  metal  oxidizers,  that  is,  lead(IV), 
mercury(II),  and  thallium(IIl)  reagents,  as  useful  alternatives.  Extensive  applications 
as  stoichiometric  oxidants  were  found  to  mediate  a  wide  array  of  bond-forming 
reactions  and  other  oxidative  transformations.  For  example,  phenyliodine(III)  diace¬ 
tate  (PIDA)  and  phenyliodine(IIl)  bis(trifluoroacetate)  (PlFA)-induced  oxidations  of 
phenols  and  related  reactions  have  been  applied  to  many  total  syntheses  of  biologically 
important  natural  products  and  their  pivotal  intermediates.  The  pentavalent  iodines, 
Dess-Martin  periodinane  (DMP)  and  its  precursor,  2-iodoxybenzoic  acid  (IBX),  are 
widely  known  as  mild  and  highly  selective  reagents  for  the  oxidation  of  alcohols.  The 
details  of  synthetic  versatility  of  these  reagents  have  also  been  documented  in  several 
review  articles  by  key  contributors  in  this  field  [2-A]. 
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I(0Ac)2 


I(0C0CF3)2 


Dichloroiodobenzene  Phenyliodine(III)  diacetate  (PIDA) 
or 

diacetoxyiodobenzene  (DIB) 
or 

iodosobenzene  diacetate  (IBD) 


Phenyliodine(III)  bis(trifluroacetate)  (PIFA) 
or 

bis  (trifluoroacetoxy)  iodobenzene  (BTIB) 


p-Iodotoluene  difluoride 


Iodosobenzene 

or 

iodosylbenzene 


Diphenyliodonium  salts 
(X  =  halide,  etc.) 


AcO  OAc 


Dess-Martin  periodinane 
(DMP) 


I(OH)OTs 


[Hydroxy{tosyloxy)iodo]benzene  (HTIB) 
(Koser's  reagent) 


D  lodoxybenzene 

o-Iodoxybenzoic  acid  or 

(IBX)  iodylbenzene 


FIGURE  7.1  Representative  hypervalent  iodine  reagents  in  organic  synthesis  and  chemistry. 
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In  addition,  iodonium  salts,  typically  in  the  diaryl  forms,  can  be  practically  used 
as  a  photoacid  generator  (PAG)  for  industrial  applications  for  initiating  cationic 
radical  polymerizations  in  photoimaging  systems  [5].  It  is  known  that  some  iodonium 
salts  possess  antifungal  and  antimicrobial  activities,  and  other  miscellaneous  biological 
properties  have  been  found  in  recent  years. 

In  this  chapter,  the  fundamental  theories  regarding  the  structures  and  properties 
such  as  reactivities,  applications,  and  recent  progresses  of  hypervalent  iodine  com¬ 
pounds  are  briefly  introduced  for  prospecting  the  future  outlook. 


7.2  STRUCTURES  AND  PROPERTIES 

In  a  seminal  Angewandte  Chemie  article  in  1969  [6],  Musher  declared  “hyperva¬ 
lency”  for  specific  molecules  involving  atoms  exceeding  the  number  of  their  original 
valences  in  the  traditional  theory  by  utilizing  more  lone  pairs  for  bonding.  The  hyper¬ 
valent  bonds  of  iodine  were  defined  as  a  three-center  four-electron  (3c-4e)  bond 
using  a  valence  bond  model  from  Pimentel  and  Rundle  [7].  Later,  Dykstra,  Cahill, 
and  Martin  gave  the  theoretical  orbital  model  of  the  hypervalent  bonds  [8].  Hence, 
trivalent  iodine  molecules  (A^-iodanes,  IX^  or  ArlX^,  Ar  =  aryl)  take  the  T-shaped 
structure  with  the  linear  X-I-X  system  being  a  3-center  4-electron  bond  with  highest 
occupied  molecular  orbital  (HOMO)  at  the  orbitals  of  the  hypervalent  iodine  ligands 
(X,  Fig.  7.2),  in  which  the  iodine  atom  is  thus  highly  electrophilic  while  the  ligands 
are  anionic;  such  highly  polarized  hypervalent  bonds  are  weaker  than  regular  covalent 
bonds,  where  the  least  electronegative  one  among  the  three  ligands  is  attached  to  the 
iodine  atom  through  a  usual  covalent  bond  (in  case  of  ArlX^,  the  Ar  group).  On  the 
other  hand,  pentavalent  iodine  molecules  (2^-iodanes,  IXj,  or  ArlX^)  have  two  hyper¬ 
valent  iodine  bonds,  thus  taking  the  square  bipyramidical  structures. 

For  classification  of  hypervalent  (polyvalent)  molecules,  Martin  and  Arduengo 
introduced  a  very  convenient  nomenclature,  which  is  called  the  Martin-Arduengo 
designation  [9].  In  this  N-\-L  designation  (A  is  the  number  of  formal  valence  shell 
electrons  about  iodine  atom;  L  is  the  number  of  ligands),  the  iodine  atoms  in  trivalent 
and  pentavalent  forms  are  generalized  to  10-1-3  and  12-1-5  systems,  respectively. 

The  crystal  structure  of  PhlCl^,  the  first  discovered  hypervalent  iodine  compound 
in  history  [1],  was  reported  in  1953,  which  was  later  qualified  by  Chaloner  et  al.  at 
the  low-temperature  measurement  [10].  The  molecule  has  the  characteristic  T-shape 
with  the  Cl-I-C  group  being  almost  linear  and  symmetrical  (Fig.  7.3).  The  I-Cl 


Trivalent  iodine 

X 

I  . 

At  or  X  — II)"’  i  > 
X 

10-1-3 

T-shaped  structure 
(trigonal  bipyramidal) 


LUMO  1 

|6+ 

Hypervalent  bondp-^^^ 

4—  homo  I 

yS- 

(3c-4e  bonding) 

c>cr>Qc>o  — 

-f —  :  XorAr 

'  ;  12-1-5 

Pentavalent  iodine 


(Square  bipyramidal) 


FIGURE  7.2  General  structure  and  bonding  of  hypervalent  iodine  compounds. 
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Cl— I— Cl 


Dichloroiodobenzene 


Bond  length  Angle 

I- Cl  2.45  A  Cl-I-Cl  ca.  86° 
1-C  2.00A 


ROCO-1— OCOR 


Bond  length 

I-O  2.16A 
1-C  2.08A 


R  =  Me  (DIB,  PIDA) 
R  =  CF3  (BTIB,  PIFA) 


FIGURE  7.3  Bond  length  and  angle  of  dichloroiodobenzene  and  iodobenzene  dicarboxylates. 


distance  is  2.45  A,  while  the  C-I  bond  length  is  2. 00  A,  which  is  typical  in  the  case  of 
a  nonhypervalent  covalent  bond.  In  the  solid  state  the  molecules  form  an  infinite 
zigzagged  chain,  in  which  one  of  the  chlorine  atoms  interacts  with  the  iodine  of  the 
next  unit  with  an  intermolecular  I---C1  secondary  bond  distance  of  3.40A. 

In  [bis(acyloxy)iodo]benzenes  (Phl(OCOR)j,  Fig.  7.3),  the  iodine  atoms  similarly 
take  a  distorted  T-shaped  geometry  with  the  three  ligands  [11].  For  instance,  the 
distances  of  two  symmetrical  I-O  bonds  of  (diacetoxyiodo)benzene  (R  =  Me, 
commonly  abbreviated  as  DIB,  or  PIDA,  iodosobenzene  diacetate  (IBD))  and 
[bis(trifluoroacetoxy)iodo]benzene  (R  =  Me,  BTIB  or  PIFA)  are  less  influential  in 
the  carboxylate  ligands  of  the  acetate  and  trifluoroacetate  (around  2.15A).  (In  this 
Section,  we  would  like  to  use  the  abbreviations,  PIDA  and  PIFA,  respectively,  for  the 
compounds  of  PhlCOAc)^  and  PhKOCOCFj)^.) 

[Hydroxy(tosyloxy)iodo]benzene  (HTIB),  so-called  Koser’s  reagent,  has  unsymmet- 
rical  two  types  of  hypervalent  iodine  bonds  as  the  almost  collinear  O-I-O  segment 
(Fig.  7.4).  The  geometry  at  the  iodine  center  is  similarly  planer  T-shaped,  a  configura¬ 
tion  observed  with  other  typical  trivalent  organoiodine  compounds.  The  structure  of 
HTIB  was  determined  in  1976  [12],  and  the  single-crystal  X-ray  structural  data  showed 
the  I-OH  distance,  1.94  A,  and  the  I-OTs  distance,  2.47  A,  to  be  quite  longer  than  that 
of  the  former  bond.  The  presence  of  very  long  I-OTs  bond  indicates  the  significant 
ionic  character  of  this  compound,  which  is  in  accordance  with  later  reactivity  studies. 

The  anhydrides  of  HTIB  and  relative  [hydroxy(methanesulfonyloxy)]iodo- 
benzene  were  prepared  by  drying  their  acetonitrile  solutions.  Crystallographic  struc¬ 
tures  were  obtained  for  the  anhydrides,  except  that  of  HTIB.  An  almost  linear  alignment 
of  iodine  and  two  types  of  oxygen  ligands  in  good  agreement  with  hypervalent  bonds 
was  observed.  In  this  case,  the  longer  distance  between  the  iodine  and  bridged  oxygen 
(2.01  A)  compared  to  that  in  monomeric  [hydroxy(methanesulfonyloxy)]iodo- 
benzene  (1.95  A)  influences  the  I-OMs  distance  to  make  it  shorter  (2.35  A)  [13]. 
This  is  rationalized  by  considering  the  trans  influence  between  the  two  ligands  in  the 
hypervalent  iodine  bonds  [14]. 

Resulting  from  the  self-assembly  in  aqueous  media,  PIDA  and  its  analogues  also 
form  oligomeric  cationic  species.  PhI(OCOCFj)OI(OCOCFj)Ph  was  prepared  from 
iodosobenzene  ((PhlO)^)  or  Ph^OCOCFj)^  (PIFA)  by  reacting  with  appropriate 
amounts  of  strong  acids  and  bases  [15].  The  structures  of  p-oxo  bridged  dimers, 
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(Koser’s  reagent) 


(Ms  =  methanesulfonyl) 


Bond  length 

Angle 

1-OH 

1.94  A 

HO  -1-C 

92.r 

1-OTs 

2.47  A 

TsO-I-C 

86.0“ 

I-C 

2.08  A 

HO  -I-OTs 

178.8“ 

FIGURE  7.4  Structure  of  HTIB,  and  dimers  of  [hydroxy (methanesulfonyloxy)iodo]benzene  and  iodobenzene 

diacetate. 
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PhI(OAc)OI(OAc)Ph  and  PhI(OCOCF3)OI(OCOCF3)Ph,  were  well-characterized 
by  X-ray  crystallographic  analysis.  These  p-oxo  compounds  possess  the  longer 
bonds  between  the  iodine  and  acid  ligands,  for  example,  2.23  A  of  the  I-OAc 
distance  for  PhI(OAc)OI(OAc)Ph  compared  to  2. 16  A  for  that  of  PIDA  itself.  Recent 
investigations  have  revealed  that  the  excellent  oxidizing  behavior  of  these  p-oxo 
bridged  dimers  was  caused  by  the  highly  polarized  structure  and  weak  binding  of  the 
iodine  and  acid  ligands  over  PIDA  and  PIFA,  especially,  in  oxidations  of  phenolic 
compounds  [16]. 

The  crystal  structure  of  a  representative  heterocyclic  pentavalent  iodine  compound, 
l-hydroxy-l,2-benziodoxol-3(lf/)-one  (IBX),  was  first  reported  in  1997  [17].  On  the 
other  hand,  the  fine  structure  of  DMP,  a  related  hypervalent  iodine  reagent  very 
popular  for  synthetic  chemists,  was  very  recently  determined  more  than  lOyears  later  [18]. 
The  proposed  structures  of  these  compounds  were  thus  confirmed  after  their  success 
in  broad  applications  for  organic  synthesis  (Fig.  7.5).  These  12-1-5  molecules  take 
the  square  bipyramidical  structures,  in  which  the  cyclic  structures  of  IBX  and  DMP 
are  planar,  with  the  exception  of  the  exocyclic  oxygens  and  acetoxy  groups.  The 
bond  distance  between  the  iodine  and  cyclic  oxygen  is  significantly  longer  in  IBX 
(2. 26  A)  than  in  DMP  (2.  lOA)  due  to  the  strong  trans  influence  of  the  hydroxy  group 
(I-OH:  1.93  A)  over  the  acetocy  groups  (I-OAc:  2.06-2. 11  A).  The  observed  bond 
angles  are  also  in  accordance  with  the  distorted  hypervalent  iodine  bonds  with  one 
conventional  covalent  bonding  between  the  iodine  and  phenyl  group. 

The  hypervalent  iodine  compounds  having  two  carbon  ligands  are  represented  in 
diaryliodonium  salts.  The  configuration  of  diphenyliodonium  chloride  (Ph^ICl)  is 
similar  to  other  trivalent  organoiodine  compounds,  but  has  planar  dimeric  structure 
in  the  crystal  state  [19].  The  two  Ph^ICl  units  link  through  the  halogen  bridges  with 
mean  bond  lengths  of  I-Cl  being  3.09A  (Fig.  7.6),  which  is  remarkably  ionic  and 
longer  than  the  covalent  bond  of  iodine  chloride  by  about  0.77  A.  The  unique  bondings 
in  Ph3l(p-Cl)3lPh3  dimer  are  explained  as  secondary  bondings  between  the  iodine 
atom  of  PhjICl  and  Cl  unit  in  the  other  molecule. 

Similarly,  the  T-shaped  structures  of  alkynyl(phenyl)iodonium  salts,  that  is,  (ethynyl) 
phenyliodonium  trifluoromethanesulfonate  (see  Fig.  7.6)  [20],  and  alkenyl(phenyl) 
iodonium  salts,  that  is,  (4-tert-butylcyclohexenyl)phenyliodonium  tetrafluoroborate 
[21],  are  highly  ionic.  Interestingly,  it  was  found  during  the  characterization  that  the 
former  compound  has  the  unusual  shortest  carbon-carbon  triple  bond  (1.1 5  A)  in  the 
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FIGURE  7.6  Structure  of  diaryliodonium  salt,  alkynyliodonium  salt,  and  Togni’s  reagent. 


crystal  states,  which  is  caused  by  the  substitution  of  the  extremely  electron-deficient 
iodine  atom  [20]. 

It  is  known  that  five-membered  cyclic  hypervalent  iodine(III)  compounds  are 
more  stable  than  their  acyclic  forms  having  analogous  ligands  [22,  23].  For  example, 
stable  cyclic  iodinanes  having  labile  azido,  cyano,  and  nitrato  ligands  were  prepared 
in  good  yields  by  the  ligand  exchanges  of  acetoxy  and  chloro  benziodoxoles  with 
trimethylsilyl  compounds  or  silver  nitrate  [23].  Later,  Togni  et  al.  reported  in  2006 
the  first  synthesis  of  trifluoromethyl  benziodoxolone  from  the  corresponding  cyclic 
l-chloro-l,3-dihydro-3,3-dimethyl-l,2-benziodoxole  by  a  similar  approach  using 
trifluoromethyl  trimethylsilane  [24].  This  reagent  is  particularly  useful  for  electro¬ 
philic  trifluoromethylation  of  many  nucleophilic  substrates,  and  the  so-called  Togni’s 
reagent.  The  T-shaped  geometry  at  the  iodine  typical  for  the  class  of  hypervalent 
iodine  compounds  is  seen  with  the  bond  angles  that  belong  to  the  heterocyclic  structure 
of  other  hypervalent  iodine  compounds,  but  the  relatively  long  bond  length  between 
iodine  and  trifluoromethyl  ligand  (2.23  A)  compared  to  that  in  other  organoiodine(I) 
compounds,  which  might  account  for  the  high  electrophilic  nature  of  the  trifluoro¬ 
methyl  group.  The  distinctive  feature  of  Togni’s  reagent  is  the  considerably  higher 
stability  based  on  the  heterocyclic  structures  than  that  of  their  acyclic  analogues.  This 
stabilization  is  usually  explained  by  the  bridging  of  the  apical  and  the  equatorial 
positions  by  the  five-membered  ring  as  well  as  the  better  overlap  of  the  lone  pair  of 
electrons  on  the  iodine  atom  with  the  it-orbitals  of  the  benzene  ring. 

lodosobenzene  (PhIO)  exists  as  polymeric  zigzag  forms  on  the  basis  of  the 
network  of  the  oxygen  bridge  between  two  hypervalent  iodine  atoms  through  the 
hypervalent  bond  and  secondary  interaction  (Fig.  7.7)  [25].  Flence,  the  two  types  of 
bond  distances  between  iodines  and  oxygen  are  2.04  and  2.37  A,  respectively,  with  the 
C-I-0  bond  angle  of  near  90°.  Similarly,  iminoiodanes  have  linear  polymeric,  asym¬ 
metrically  bridged  structure  with  the  T-shaped  geometry  around  the  iodine  centers. 
Indeed,  characterization  of  A-tosyl  iminophenyliodane  revealed  the  formation  of  the 
polymeric  zigzag  chain  based  on  the  iodine  and  nitrogen  networks  [26].  The  polymers 
consist  of  monomeric  PhINT  units,  bridged  by  secondary  L-N  interactions  with  a 
length  of  2.48A.  The  extensive  F--0  and  T-N  secondary  bondings  thus  make  the 
solid-state  polymers  soluble  only  in  coordinating  solvents  that  can  break  the  tight  net¬ 
works.  The  sulfonyliminoiodinanes  (PhlNSO^R)  are  used  as  the  versatile  nitrene  source 
in  many  metal-catalyzed  amination  reactions,  since  the  synthesis  and  utility  of  this  new 
class  of  reagents  based  on  the  function  of  nitrene  were  demonstrated  in  the  1970s  [27]. 


FIGURE  7.8  Secondary  bonding  in  hypervalent  iodine  molecules  at  the  iodine  center. 


In  [bis(acyloxy)iodo]benzenes  (Ph^OCOR)^,  Fig.  7.3),  the  single-crystal  X-ray 
structural  data  for  these  compounds  indicate  pentagonal  planar  coordination  of 
iodine  together  with  the  primary  T-shaped  iodine(III)  geometry  with  two  weak 
secondary  intramolecular  I-  -0  interactions  with  the  carboxylate  oxygens  (Fig.  7.8, 
left)  [11].  The  crystal  structures  of  (diacetoxyiodo)benzene  and  [bis(trifluoroacetoxy) 
iodojbenzene  exhibit  the  arrangements  of  two  intramolecular  secondary  contacts 
between  the  iodine  atom  and  the  Lewis  base  carbonyl  oxygens.  The  secondary  bond¬ 
ings  are  stronger  in  the  more  electronegative  ligand,  trifluoroacetate  (2.81-2.85  A), 
rather  than  the  acetoxy  groups  (3.03-3.15  A),  suggesting  the  high  electrophilicity  of 
the  iodine  atom  of  the  former  [bis(trifluoroacetoxy)iodo]benzene.  The  presence  of 
the  secondary  bondings  between  the  iodine  and  carboxy  groups  was  also  confirmed 
by  spectroscopic  studies  [28]. 

The  secondary  interaction  of  the  iodine  and  oxygen  atom  was  utilized  for  construct¬ 
ing  the  pseudocyclic  chiral  moiety  around  the  iodine  center  in  some  electrophilic 
reagent  aiming  at  asymmetric  transformations,  such  as  [hydroxy(tosyloxy)iodo]-[2- 
(l-methoxyethyl)benzene  (Fig.  7.8,  center)  [29].  The  secondary  bonding  between 
the  iodine  atom  and  the  methoxy  group  was  confirmed  (2.47 A),  whose  value  is 
apparently  smaller  than  the  sum  of  van  der  Waals  radii.  Tetraphenylborate  anion 
(BPh^“)  can  act  as  a  ;r-ligand  toward  the  hypervalent  iodine  atom,  as  shown  in  the 
crystal  structure  of  diphenyliodonium  tetrafluoroborate  (Fig.  7.8,  right)  [30].  The 


STRUCTURES  AND  PROPERTIES 


111 


X 

Ph— I— [S] 
X 


[S] 


-[S] 


X 

X- 

X 

X 

1 

Ph— U 

-[S] 

1 

■  Ph  — I 

X- 

1 

Ph  — I  —  X 

[S] 

-X- 

1 

1 

1 

[S] 

-X- 

X 

X 

[S]  =  solvent 


Ph^ 


X 


X 

■ph 


FIGURE  7.9  Equilibrium  of  PhlX^-type  hypervalent  iodine  compound  in  solution. 


phenyl  groups  of  the  borate  anion  coordinate  to  the  iodine  center  at  the  interatomic 
distance  of  3. 49 A. 

Richter,  Koser,  and  coworkers  investigated  the  solution  structure  and  nature  of 
species  in  equilibrium  in  aqueous  solutions  of  phenyliodine(III)  organosulfonates 
[31].  Upon  dissolution  in  water,  HTIB  (Phl(OH)OTs)  underwent  ionization  to  give 
hydroxy(phenyl)iodonium  cation,  PhUOH  (Fig.  7.9,  center  to  left),  which  seems  to  be 
ligated  with  at  least  one  solvent  molecule,  water,  at  an  apical  site  of  the  iodine  atom. 
The  ion-pair  dissociation  equilibriums  were  also  observed  during  the  photoinitiated 
cationic  polymerizations  [32].  The  hydroxy(phenyl)iodonium,  PhPOH,  can  combine 
with  [oxo(aquo)iodo]benzene,  PhP(H20)0",  a  hydrated  form  of  PhIO  that  is  usually 
observed  in  the  aqueous  solution,  producing  the  dimeric  p-oxodiiodine  cation,  Ph(OH) 
I-0-P(H20)Ph,  and  dication,  Ph(H20)P-0-P(H20)Ph).  The  coordination  of  solvent 
(Fig.  7.9,  center  to  top),  free  ligand  (center  to  right),  and  ligand  in  hypervalent  iodine 
compound  (center  to  bottom)  can  even  occur  in  nondissociated  hypervalent  iodine 
atom.  These  equilibriums  also  occur  in  any  hypervalent  iodine  compounds,  and,  for 
example,  association  and  dissociation  of  (Z)-(P-bromoalkenyl)(phenyl)iodonium 
bromides  were  observed  in  chloroform  solution  and  vinyl-X^-iodane  dimers  were 
detected  [33].  The  mechanistic  aspects  of  the  solvolysis  of  these  iodonium  salts  were 
detailed  by  Okuyama  and  Ochiai,  respectively  [34]. 

In  1960,  Berry  proposed  a  mechanism  for  the  rearrangement,  in  which  D3h  geom¬ 
etries  of  complexes  (for  the  case  of  five  ligands)  interconvert  to  others  via  a  square- 
pyramidal  C4v  transition  state,  while  maintaining  at  least  C2v  symmetry  throughout 
the  entire  process.  Molecular  dynamics  of  hypervalent  iodine  compounds  at  the  iodine 
centers  are  typically  explained  by  the  general  guideline  of  the  Berry  pseudorotation 
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FIGURE  7.10  Pseudorotation  of  hypervalent  iodine  compounds  at  the  iodine  center. 


(BPR)  [35].  For  the  trigonal-bipyramidal  structures  (Fig.  7.10,  left),  the  exchange  of 
the  apical  and  equatorial  ligands  concertedly  occurs  through  the  bond  bending  to 
form  square  pyramidical  structure.  The  apical  ligands,  X'  and  X^,  and  equatorial 
phenyl  group  stereomutate  via  the  repeated  pseudorotation  on  the  iodine  center.  In 
general,  the  pseudorotation  rapidly  occurs  in  equilibrium. 

On  the  other  hand,  it  was  reported  that  some  cyclic  hypervalent  iodine  compounds 
are  chemically  and  configurationally  stable  below  15°C,  with  the  barrier  to  isomeri¬ 
zation  being  over  15kcalmol“'  [36].  Chiral  hypervalent  iodine  compounds, 
acetoxyiodo(III)binaphthyls,  undergo  degenerate  isomerization  of  the  acetoxy 
ligands  at  the  iodine  (Fig.  7.10,  Eq.  7.1)  [37].  In  the  spectroscopic  studies,  the  two 
acetoxy  ligands  are  nonequivalent  at  -10°C  in  'H  nuclear  magnetic  resonance  (NMR) 
and  the  signals  for  these  groups  appear  at  1.52  and  2.0  ppm,  respectively,  as  sharp 
singlets.  These  two  signals  coalesce  at  34°C  to  one  singlet  at  1.73  ppm.  The  pseudo¬ 
rotation  pathways  on  the  iodine  are  responsible  for  the  degenerate  isomerization,  and 
the  stereomutation  becomes  fast  on  the  NMR  timescale  at  room  temperature. 


7.3  REACTIVITY 

In  most  cases,  the  reactivities  of  hypervalent  iodine  reagents  are  typically  explained 
by  the  two-electron-transfer  processes.  For  instance,  the  oxidations  with  trivalent 
iodine  compounds  (X^-iodanes)  typically  involve  ligand  exchange  with  substrates 
(Nu')  at  the  iodine  centers  as  an  initial  step  and  successive  reductive  elimination  for 
releasing  the  iodobenzene  (Phi)  coproduct  with  attack  of  nucleophiles  (Nu^),  yield¬ 
ing  the  product  Nu'-Nu^  (Fig.  7.11)  [38].  In  the  latter  event,  both  mechanisms  via  the 
ligand  coupling  (LC)  and  substitution  were  suggested  [39].  The  hypervalent 
iodine(III)  atoms  possess  great  electrophilicities  that  are  required  for  initial  interac¬ 
tions  with  substrates  and  ligand  exchange.  The  two  X  ligands  serve  as  good  leaving 
groups  in  not  only  the  initial  ligand  exchange  but  also  the  last  step  for  the  reductive 
elimination. 

The  two  types  of  mechanism,  associative  and  dissociative  paths,  were  generally 
considered  during  the  ligand-exchange  processes.  For  trivalent  iodine  compounds 
(Fig.  7.12,  PhIXj),  the  tetracoordinated  species  are  involved  ([PhlX^Nu]”),  while  the 
latter  dissociative  case  generates  charged  iodonium  ions  ([PhPX]).  For  an  example 
of  tetracoordinated  iodanes,  the  crystal  and  molecular  structures  of  [Cl3S]'^[ICl^]“  and 
[PhCH2N^Me3][ICl^]“  were  reported,  in  which  the  tetracoordinated  anions  shape 
square  planar  geometry  [40].  It  was  also  reported  that  the  treatment  of  cyclic  chlo- 
roiodinanes  with  potassium  hexafluorocumyl  oxide  gave  the  corresponding  dialkoxy 
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FIGURE  7.11  General  reactivity  of  hypervalent  iodine  reagent  with  nucleophiles. 
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FIGURE  7.12  Two  distinct  ligand  exchange  pathways  in  the  reaction  of  nucleophile. 


species  [Nu  =  (CF3)2CPhO]  [41].  The  ligand  exchange  seems  to  rapidly  occur  on  the 
NMR  timescale  with  0.08-0. 10  M  concentration  in  the  solvent  alcohol,  (CF3)2CPhOH, 
suggesting  an  associative  exchange  mechanism.  Similarly,  it  was  believed  that 
[methoxy(tosyloxy)iodo]benzene,  an  acyclic  monoalkoxyiodinane,  was  readily 
hydrolyzed  to  HTIB  in  the  presence  of  water  via  a  tetracoordinated  intermediate  [42]. 
On  the  other  hand,  strong  experimental  proof  supporting  the  dissociative  path  is  not 
reported,  but  the  iodonium  ions,  [PhPX],  might  be  present  as  stabilized  solvated 
forms.  Thereafter,  the  nucleophiles  replace  the  solvent  molecular,  completing  the 
ligand-exchange  process. 

The  ligand  exchange  would  generally  occur  for  a  wide  range  of  nucleophilic 
molecules  and  atoms.  The  reaction  of  Ph^OjCR)^  (R  =  Ph,  4-MeOCgH^,  T-O^NC^FI^, 
etc.)  with  lithium  acetylides  smoothly  gave  alkynylphenyliodonium  carboxylates  by 
the  ligand  exchanges  [43].  The  reversible  ligand  exchanges  with  alcohols  were  involved 
before  the  generation  of  oxygen-centered  radicals  [44]  as  well  as  during  the  oxidations 
using  pentavalent  iodine  reagents,  IBX  and  DMP  [45].  The  reaction  of  PhI(OCOCF3)2 
with  potassium  phthalimidate,  a  nitrogen  nucleophile,  gave  k^-iodane  phthalimidate  [46]. 
The  hypervalent  iodine  species  with  sulfur  ligands,  [Ph^SCjF^H)^]  and  [PhlCSCN)^], 
were  in  situ  prepared  from  Ph^OAc)^  or  PhlCl^  with  2,3,5,6-tetrafluorothiophenol  and 
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trimethylsilyl  isothiocyanate,  respectively,  for  the  disulfenylation  and  thiocyanation  of 
alkynes  and  alkenes  [47,  48].  [Hydroxy(tosyloxy)iodo]arenes  (Arl(OH)OTs)  can  yield 
diaryliodonium  salts  with  introduction  of  second  aromatic  rings  by  ligand  transfer  from 
silylated,  stannylated,  and  borylated  aromatic  compounds  [49,  50].  Similarly,  vinyl 
and  alkynyliodonium  salts  were  synthesized  from  vinyl  and  alkylynsilanes  by  the 
ligand  exchanges  upon  treatment  with  indosobenzene  [51].  A  variety  of  functional¬ 
ized  alkynyliodonium  salts  were  prepared  in  good  yields  via  the  iodonium-transfer 
process  between  alkynylstannanes  and  PhPCN  F^CSOj”  [52].  Hypervalent  iodine  com¬ 
pounds  (ArIXj)  reacted  with  organolithium  reagents  (RLi)  instantaneously  even  at 
-80°C,  forming  unstable  all-carbon  ligated  hypervalent  iodine  species,  ArlR^  [53].  It 
was  also  reported  in  the  same  work  that  the  ligand  exchange  even  occurred  between  the 
two  molecules  of  hypervalent  iodine  compounds,  as  shown  in  Figure  7.13,  because  of 
the  facility  of  this  process  on  the  iodine  center. 

It  was  reported  that  treating  trani-vicinal  iodo  trifluoroacetates  with  peracids  gave 
the  corresponding  cA-hydroxy  trifluoroacetates  by  an  oxidative  displacement  reac¬ 
tion.  m-Chloroperbenzoic  acid  (mCPBA)  also  induced  the  oxidations  of  alkyl  iodides 
at  room  temperature,  yielding  alcohols  and/or  their  derivatives,  or  olefins  depending 
on  the  conditions  and  structure  of  substrates  (Fig.  7.14)  [54].  The  reactions  probably 
involve  the  initial  formation  of  some  labile  alkyl-k^-iodanes  followed  by  rapid 
reductive  elimination  of  the  in  situ  formed  hypervalent  iodine  group.  This  accounted 
for  the  excellent  leaving  ability  of  the  iodanyl  groups  and  their  high  tendency  of 
converting  into  more  stable  monovalent  iodine  compounds. 

Owing  to  the  excellent  leaving  group  ability  of  the  aryl  iodide  moiety,  diaryliodonium 
salts  are  much  more  reactive  than  the  usual  aryl  halides.  Similarly,  the  vinyliodonium 
salts  are  regarded  as  the  highly  activated  alternative  of  vinyl  iodides  in  substitution 
reactions.  The  high  reactivities  of  aryliodonium  salts  in  general  formula,  Ar(R)RX“, 
in  these  reactions  are  well  expressed  by  the  term  “hypernucleofuge.”  Surprisingly,  it 
was  determined  that  the  leaving  group  ability  of  the  iodobenzene  moiety  in  {{A-tert- 
buthylcyclohexenyl)pheny]iodonium  salt  is  about  10'’  times  greater  than  that  of  the 
superleaving  group,  triflate,  in  4-tert-butylcyclohexenyl  triflate  (Fig.  7.15)  [55,  56]. 
Indeed,  formation  of  cyclohexenyl  carbocation  by  heterolysis  during  the  solvolysis 
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FIGURE  7.15  Relative  index  of  leaving  group  ability  of  hypervalent  iodine  group  versus 
others.  (1)  Unprecedented  vinylic  reaction  utilizing  the  hypemucleofuge. 


of  the  tetrafluoroborate  salts  spontaneously  proceeded  at  room  temperature  in 
alcohols.  This  came  from  the  hypervalency  of  the  iodine  atom,  since  the  onium  salts 
with  tetrahedral  geometries  showed  only  poor  ability  as  leaving  groups. 

The  detailed  mechanistic  investigations  of  the  nucleophilic  substitutions  of  alke- 
nyliodonium  salts  were  presented  by  Ochiai  and  Okuyama  [34].  It  is  surprising  to 
find  that  the  excellent  nucleofugality  of  the  k^-phenyliodanyl  group  even  caused  the 
unprecedented  Sj.^2-type  nucleophilic  substitutions  at  the  vinylic  carbons  of  the  iodo- 
nium  salts  with  exclusive  stereoinversion,  a  hitherto  unknown  process  depending  on 
the  structure  of  substrates,  nature  of  nucleophiles,  and  reaction  conditions  (Fig.  7.15, 
Eq.  7.1)  [57].  For  example,  the  evidence  that  the  substitution  reaction  proceeds  via  a 
concerted  bimolecular  Sj.^2  mechanism  was  presented  when  (£)-P-alkylvinyliodonium 
tertrafluoroborates  were  treated  with  tetrabutylammonium  halides  (Bu^N*'X“,  X  =  Cl, 
Br,  I),  which  resulted  in  exclusive  introduction  of  the  halide  groups  with  perfect 
regioinversion  of  the  alkene  geometry. 

The  nucleophilic  substitution  mechanisms  at  the  vinylic  carbons  were  further 
divided  to  involve  in-plane  nucleophilic  attack  on  the  cr*  orbital  of  the  iodine-vinyl 
carbon  and  out-of-plane  attack  on  the  tr*  orbital  of  the  vinyl  moiety.  The  in-plane 
nucleophilic  vinylic  substitutions  were  well-rationalized  by  the  theoretical  studies, 
and  computational  quantum  chemistry  calculations  have  suggested  the  overview  of 
the  actual  mechanistic  route  [58].  In  the  ah  initio  MO  calculations  of  chloro(divinyl)- 
k^-iodane,  the  cr*  orbital  lies  lower  in  energy  than  the  tr*  orbital  (1.81  vs.  3.34eV). 
Hence,  the  LUMO  in  the  iodonium  salts  lies  in  the  cr*  orbital,  which  is  in  marked 
contrast  with  the  vinyl  halides  having  tr*  LUMO.  The  presence  of  the  low-lying  cr* 
orbital  is  responsible  for  the  unusual  in-plane  nucleophilic  attack  of  the  iodonium 
salts  and  excludes  common  reaction  pathways  in  other  organic  molecules. 

Strong  bases  would  induce  reductive  a-elimination  of  k^-iodanes  to  afford  gener¬ 
ation  of  carbenes  (Fig.  7.16).  Evidence  for  generation  of  alkylidenecarbenes  was 
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FIGURE  7.16  a-Elimination  of  hypervalent  iodine  group  generating  carbenes. 


obtained  in  the  deuterium  experiment  by  treating  1-alkenyliodonium  salts  with  a  base. 
The  alkyne-forming  reaction  involved  alkylidenecarbenes  via  reductive  a-elimination 
followed  by  the  1,2-deuterium  shift  [59].  Depending  on  the  structure  and  reaction 
conditions,  the  unsaturated  carbenes  would  undergo  typical  reactivities  of  free 
carbenes,  resulting  in  the  1,2-rearrangement  to  alkyne,  intramolecular  insertion  of  the 
carbon-hydrogen  bond,  and  cyclopropanation  by  trapping  with  alkenes.  For  example, 
[p-(phenylsulfonyl)alkylidene]carbenes  generated  from  the  (Z)-[p-(phenylsulfonyl) 
alkenyl]  iodonium  tetrafluoroborates  by  base  treatment  predominantly  underwent 
intramolecular  1,5-C-H  insertions  to  yield  l-(phenylsulfonyl)cyclopentenes  rather 
than  the  1,2-migration  leading  to  alkynes  (Fig.  7.16,  Eq.  7.1)  [60].  The  lack  of  regiose- 
lectivity  for  the  intramolecular  insertion  of  carbenes  strongly  suggests  the  involvement 
of  a  free  alkylidenecarbene.  2-Methyl- 1-propenylidene  carbene,  generated  from 
(2-methylpropenyl)phenyliodonium  tetrafluoroborate  to  cis-  and  trans-A-me\hy\- 
2-pentene,  was  perfectly  stereospecific,  indicating  the  generation  of  singlet  carbene 
(Eq.  7.2)  [61].  Eurthermore,  the  small  negative  Hammet  values  for  the  cyclopropana¬ 
tion  suggested  that  alkylidenecarbene  is  mildly  electrophilic. 

The  alternative  reductive  p-elimination  can  occur  in  iodanes  binding  to  the  carbon 
ligand  as  well  as  the  heteroatomic  ligand  (Fig.  7.17).  The  p-syn-elimination  process 
was  earlier  reported  for  the  in  situ  generated  X^-iodanyl  species  in  the  conversion  of 
some  iodoalkanes  to  alkenes  under  oxidative  conditions  [62].  The  anfi-elimination  pro¬ 
cess  is  also  quite  facile  due  to  the  high  nucleofugality  of  the  iodanyl  group  as  supported 
in  the  difficulty  of  isolation  of  vinyliodonium  salts  of  corresponding  Z-isomers  [63]. 

The  p-elimination  process  of  a  heteroatomic  ligand  is  well-recognized  as  a  key 
step  in  the  oxidation  of  alcohols  to  carbonyl  compounds  in  hypervalent  iodine 
chemistry.  Takaya  et  al.  reported  the  first  use  of  PhIO  for  the  oxidation  of  activated 
alcohols  such  as  benzyl  alcohols  under  reflux  conditions  in  dry  dioxane  (Fig.  7.17, 
Eq.  7.1)  [64].  Needless  to  say,  the  well-known  alcohol  oxidations  with  pentavalent 
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FIGURE  7.17  P-Elimination  of  hypervalent  iodine  group  producing  alkenes  and  carbonyl 
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iodine  reagents,  that  is,  DMP  and  IBX,  should  also  include  similar  p-elimination 
processes  [65,  66].  This  elimination  process  generally  occurs  at  broad  heteroatoms 
binding  to  the  hypervalent  iodine  atom.  For  example,  dehydrogenation  of  amines 
with  PhIO  occurred  via  ligand  exchange  of  the  substrates  at  the  iodine  center  fol¬ 
lowed  by  p-elimination  to  give  imines,  nitriles,  ketones  via  intermediacy  of  imines, 
and  lactams  depending  on  the  substrate  structures  [67].  IBX  also  efficiently  medi¬ 
ates  the  dehydrogenation  of  nitrogen-  and  sulfur-containing  substrates  [68].  This 
benzyl  imine-forming  event  under  mild  reaction  conditions  was  nicely  utilized  for 
the  oxidative  Ugi-type  multicomponent  reactions  of  tetrahydroisoquinolines  by 
Ngouansavanh  and  Zhu  [69] ;  this  three-component  reaction  condensed  a  carboxylic 
acid,  isonitrile,  and  tetrahydroisoquinoline  in  the  Ugi  manner,  where  the  imine  com¬ 
ponent  was  formed  in  situ  by  the  oxidation  of  the  amine. 

Similarly,  dehydrogenation  of  azodicarbonyl  species  can  produce  the  corres¬ 
ponding  azo  imines  [70].  The  hypervalent  iodine  oxidation  to  diethyl  diazodicar- 
boxylate  (DEAD)  is  a  key  step  of  an  organocatalytic  Mitsunobu  reaction,  in  which 
the  azo  reagent  is  used  as  an  organocatalyst  and  IBD  is  used  as  the  stoichiometric 
oxidant  to  regenerate  the  catalyst  from  the  hydrazine  coproduct  [71]. 

The  reaction  of  sulfides  having  a-acidic  proton  with  hypervalent  iodine  reagent 
would  produce  the  thionium  ions.  The  introduction  of  nucleophiles  then  occurs 
through  the  electrophilic  intermediate  to  give  Pummerer-like  products  (Fig.  7.17, 
Eq.  7.2).  Direct  a-azidation  of  cyclic  sulfides  using  a  combination  of  PhIO  with 
trimethylsilyl  azide  was  reported  by  using  this  strategy  [72].  In  this  sense, 
a-fluorination  of  thio  groups  was  possible  by  the  fluorinating  hypervalent  iodine 
compound,  p-difluoroiodotoluene  [73]. 

Kitamura  et  al.  reported  the  new  hypervalent  iodine-benzyne  precursors  based 
on  the  p-elimination  process.  Thus,  the  o-silylated  phenyliodonium  salts  were  first 
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introduced  for  the  effective  generation  of  benzynes  utilizing  the  hypemucleofuge  of  the 
hypervalent  iodine  atom  [74],  Benzynes  can  be  generated  from  specific  iodonium  salts 
by  the  fluoride-triggered  desilylative  p-elimination  upon  treatment  with  tetrabutylam- 
monium  fluoride  for  the  reactions  with  trapping  agents  under  mild  conditions  (Fig.  7.18). 

Surprisingly,  the  facile  p-elimination  of  the  hypervalent  iodine  atom  might  allow 
the  rapid  generation  of  even  the  highly  strained  alkynes,  for  example,  norbornyne 
and  cyclohexynes,  from  the  corresponding  cyclic  alkenyliodonium  salts  [75]. 

Introduction  of  the  oxygen  functionalities  to  the  a-carbon  of  enolizable  carbonyl 
compounds  is  a  famous  process  in  hypervalent  iodine  chemistry  effectively  occur¬ 
ring  by  simple  treatment  with  Ph^OAc)^  in  acetic  acid  [76]  as  well  as  other  hyperva¬ 
lent  iodine  reagents  in  suitable  conditions  [77]  (see  also  Chapter  16).  The  a-iodanyl 
ketone  intermediates  produced  during  the  reactions  can  participate  in  the  associative 
Sj.^2  displacement  of  the  iodanyl  part  by  acetic  acid,  affording  the  a-acetoxy  products 
with  liberation  of  iodobenzene  (Fig.  7.19,  Eq.  7.1).  The  alternative  Sj^^l-like  process 
to  generate  the  a-acyl  cation  seems  to  be  difficult  and  excluded  by  considering  the 
high  electron  deficiency  of  the  unstable  cationic  species. 
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FIGURE  7.18  Facile  formation  of  benzynes. 
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On  the  other  hand,  pathways  would  alter  to  dissociative  that  involve  cationic 
intermediates  for  electron-rich  substrates  and  cation-stabilizing  molecules  depending 
on  the  conditions,  which  was  partially  supported  with  several  theoretical  and 
experimental  evidences  [78].  The  key  intermediate,  phenoxy-X^-iodane  species,  in 
the  phenolic  oxidations  using  hypervalent  iodine  reagent  would  alternatively  produce 
discrete  phenoxenium  ions  by  dissociation  of  iodobenzene  from  the  intermediate 
(Eq.  7.2).  Subsequent  attack  of  the  nucleophile  delivers  quinones  and  related  dearo- 
matized  products.  Nonetheless,  the  attack  of  a  nucleophile  on  the  intermediate  in  an 
associative  manner  with  release  of  iodobenzene  is  still  possible  depending  on  the 
substrates  and  reaction  conditions  in  favor  of  the  Sj^l-like  pathway. 

In  most  cases,  the  reactivities  of  hypervalent  iodine(III)  reagents  are  typically 
explained  by  the  two-electron-transfer  processes.  On  the  other  hand,  the  same 
reagents  are  also  known  to  act  as  selective  and  efficient  single-electron-transfer 
(SET)  oxidizing  agents  for  electron-rich  aromatic  compounds  if  treated  under 
specific  reaction  conditions  [79,  80].  Kita  et  al.  launched  the  first  report  of  the  SET- 
oxidizing  ability  of  hypervalent  iodine  compounds  in  1991  for  the  novel  and  direct 
nucleophilic  substitution  of  p-substituted  phenyl  ethers  (R  =  alkyl)  with  azide  (N^") 
using  a  hypervalent  iodine(III)  reagent,  Ph^OCOCFj)^,  in  the  highly  polar,  but  low 
nucleophilic  fluoroalcohol  solvents,  l,l,l,3,3,3-hexafluoro-2-propanol  (HFIP)  or 
2,2,2-trifluoroethanol  (TEE)  (Fig.  7.20)  [79].  The  phenyl  ethers  are  generally  inert  to 
the  iodine(III)  reagents  and  would  not  react  via  the  ligand  exchange  of  the  protected 
phenolic  oxygen.  The  generation  of  aromatic  cation  radicals  induced  by  the  SET 
oxidation  process  through  the  charge-transfer  (CT)  complex  of  Ph^OCOCFj)^  and  the 
phenyl  ethers  could  be  determined  based  on  detailed  UV  and  Electron  Spin  Resonance 
(ESR)  spectroscopic  studies.  It  was  later  clarified  that  the  reactive  intermediate  was 
then  effectively  trapped  by  general  nucleophiles,  enabling  the  selective  introductions 
of  different  kinds  of  nucleophiles  (N^",  AcO“,  ArS“  [  Ar  =  aryl] ,  SCN“,  and  p-dicarbonyl 
compounds,  etc.),  furnishing  the  oxidative  aromatic  substitution  of  a  variety  of 
p-substituted  electron-rich  phenyl  ethers.  This  reactivity  was  applied  in  the  synthetic 
courses  of  naturally  occurring  or  nonnatural  molecules  having  important  and  diverse 
biological  actions  (see  the  applications  in  the  following  section  of  this  chapter  and 
more  details  in  Chapters  16  and  17).  The  umpolung  of  the  aromatic  rings  was  carried 
out  without  the  use  of  any  metal  oxidant.  That  is  the  first  case  confirming  the  aro¬ 
matic  cation  radical  involvement  during  the  hypervalent  iodine-mediated  oxidations. 
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and  the  organoiodine  compounds,  specifically  Ph^OCOCFj)^,  were  determined  to 
have  an  excellent  SET  oxidation  ability  toward  electron-rich  aromatic  rings. 

On  the  other  hand,  the  side-chain  activation  of  phenyl  ethers  having  suitable 
functional  tethers  for  initiating  the  oxidations  is  a  powerful  strategy  in  the  synthesis 
of  dearomatized  spirocylcic  compounds.  The  first  side-chain  activation  report  was 
the  activation  of  the  enamide  tethers  of  the  substituted  phenols  for  spirocyclizations 
during  the  synthetic  studies  of  natural  products  (see  Section  7.4)  [81].  For  example, 
the  cyclization  of  phenol  ethers  bearing  alkyl  aminoquinones  proceeded  using 
hypervalent  iodine  reagent  via  this  type  of  activation  mode,  affording  azacarbocyclic 
spirodienone  compounds  (Fig.  7.21). 

The  in  situ  formed  amido-X^-iodane  species  having  a  suitable  cation  stabilizing 
group,  such  as  the  methoxy  group  on  the  nitrogen  at  the  amide  groups,  would  release 
nitrenium  intermediates.  This  was  successfully  applied  by  Kikugawa  and  Wardrop 
by  the  oxidative  coupling  of  A^-methoxyamides  with  aromatic  rings  (Fig.  7.22, 
Eq.  7.1)  [82]  and  oxidative  dearomatizing  spirolactamizations  [83]. 

Flofmann  rearrangement  with  trivalent  hypervalent  iodine  reagents  in  the  presence 
of  moisture  transforms  amides  to  the  corresponding  amines  possessing  one  less 
carbon  atom  (Eig.  7.22,  Eq.  7.2).  The  modern  versions  of  the  Hofmann  rearrange¬ 
ment  can  proceed  under  mildly  acidic  or  neutral  conditions  [84,  85].  This  involves 
the  concerted  process  of  elimination  of  iodobenzene  and  migration  of  the  amide 
carbon  group.  Likewise,  Moriarty’s  group  reported  that  the  oxidation  of  styrene  with 
PhIO  in  methanol  can  afford  the  phenyl-rearranged  dimethyl  acetal  as  a  result  of  the 
similar  concerted  oxidative  rearrangement  [86]. 
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FIGURE  7.21  Alternative  oxidation  of  phenyl  ether  compounds:  side-chain  activation. 
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FIGURE  7.23  Ligand  coupling  at  the  hypervalent  iodine  center. 


Regarding  the  oxidative  bond-forming  event  using  hypervalent  iodine  reagents,  the 
introduction  of  nucleophiles  toward  substrates  would  possibly  occur  via  the  LC  mech¬ 
anism  at  the  iodine  center  (Fig.  7.23)  [87].  In  general,  the  arylation  of  nucleophiles 
(Nu)  with  diaryliodonium  salts  (Ar'FAr^)  is  assumed  to  involve  the  tricoordinated 
intermediate  (Fig.  7.23,  Ar'Ar^INu)  before  the  LC  steps  [88].  Owing  to  the  competi¬ 
tion  of  the  two  possible  LC  pathways  of  Nu  and  Ar'  (LC  path  a)  or  Nu  and  Ar^  (LC 
path  b)  at  the  iodine  atoms  in  the  intermediates,  a  mixture  of  two  types  of  biaryl 
products,  Ar'Nu  and  Ar^Nu,  were  typically  obtained  in  the  unsymmetrical  salts 
(Ar*  *  Ar^).  Early  studies  revealed  that  the  products  obtained  from  these  two  path¬ 
ways  were  effected  by  both  electronic  and  steric  factors  of  the  two  differential  aryl 
rings  (Ar\  Ar^),  where  the  nucleophiles  would  preferentially  be  introduced  to  a 
relatively  electron-deficient  aryl  ring  and/or  sterically  congested  ipso  carbon  atom 
[89].  The  latter  interesting  phenomenon  is  the  so-called  ortho  effect,  and  nucleo¬ 
philes  are  preferentially  installed  at  the  more  hindered  carbon  of  the  aromatic  rings. 
Thus,  thermal  decomposition  of  phenyl(p-tolyl)bromide  yielded  bromobenzene  and 
p-iodotoluene  as  major  products  from  the  preferred  LC  outcomes  (see  Eq.  7.1).  Here, 
the  reaction  was  in  preference  of  the  electronic  factor.  On  the  other  hand, 
mesityl(phenyl)iodonium  bromide  allowed  the  biased  production  of  bromomesity- 
lene  by  the  “ortho  effect”  over  the  electronic  factor  (Eq.  7.2).  Eor  theoretical  predic¬ 
tion  of  the  LC  selectivities,  Widdowson  et  al.  hypothesized  the  equatorial  deposition 
of  the  bulky  group  in  the  geometry  of  the  tricoordinated  diaryliodonium  fluorides 
based  on  the  knowledge  from  the  ah  initio  MO  calculations  [90]. 

Usually,  the  LC  mechanisms  are  believed  to  proceed  via  a  concerted  process  with 
retention  of  configuration  of  the  stereo-  and  regiocenters  of  the  ligands.  For  example. 
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nucleophilic  vinylic  substitutions  of  the  Z-isomer  of  alkenyl(phenyl)iodonium 
salts  with  tetrabutylammonium  halides  resulted  in  retention  of  the  configuration 
of  the  alkenyl  moiety,  yielding  vicinal  (Z)-alkenyl  halides  in  only  a  stereoselective 
manner  [91]. 

Some  hypervalent  iodine  compounds  having  a  specific  ligand,  such  as  derived 
from  organic  peroxides,  can  induce  thermal  homolytic  cleavage  between  the  iodo- 
nium  atom  and  the  ligand  to  produce  radical  species,  even  at  low  temperature  [92]. 
The  homolytic  cleavage  of  the  putative  and  labile  iodanyl  azides  were  found  to 
induce  azidations  at  the  benzylic  positions  and  a-site  of  the  heteroatoms,  such  as  in 
A/^,A^-dimethylanilines.  The  iodosylbenzene/trimethylsilyl  azide  reagent  combination 
to  induce  direct  N-alkyl  azidation  of  dimethylanilines  and  PhI(OCOCFj)2  with  trimeth- 
ylsilyl  azide  for  the  benzylic  azidation  of  p-alkylanisoles  were  independently  reported 
by  Magnus  et  al.  [93]  and  Kita’s  group  [94]  (Fig.  7.24,  Eq.  7.1).  Similar  radical 
processes  also  occurred  with  the  thermal  decomposition  of  Ph^OAc)^  in  the  presence 
of  sodium  azide,  and  this  method  aided  the  generation  of  carbon-centered  radicals  by 
hydrogen  abstraction  from  the  solvents  of  alcohols,  ethers,  and  aldehydes. 

The  preparation,  structural  study,  and  chemistry  of  stable  cyclic  azidoiodinanes 
derived  from  benziodoxole  were  reported  by  Zhdankin’s  group  [95].  The  cyclic 
azidoiodinanes  were  revealed  to  initiate  similar  radical  processes  upon  heating  at 
80-132°C,  which  are  potentially  useful  reagents  for  direct  azidation  of  organic 
substrates. 

The  detailed  investigations  for  radical  reactivities  of  the  cyclic  hypervalent  {tert- 
butylperoxy)iodanes  were  provided  by  Ochiai  et  al.  in  the  1990s  [96].  It  was  clarified 
that  the  in  situ  formed  l-(fe7-f-butylperoxy)-l,2-benziodoxol-3(l//)-one  would  oxidize 
benzyl  and  allyl  ethers  to  the  esters  at  room  temperature  in  the  presence  of  alkali 
metal  carbonates  (Fig.  7.24,  Eq.  7.2).  The  (ferf-butylperoxy)iodane  can  generate  the 
tert-butylperoxy  radical  and  an  iodine-centered  radical,  even  at  room  temperature  via 
rapid  homolytic  bond  cleavage  of  the  hypervalent  iodine(III)-peroxy  bond.  The 
strong  evidence  of  the  hydrogen  abstraction  by  these  radical  species  was  obtained  by 
the  detection  and  trapping  of  the  generated  carbon  radicals  with  a  stable  nitroxyl 
radical  agent,  such  as  2,2,6,6-tetramethylpiperidine  1-oxyl  (TEMPO). 

Suarez  et  al.  have  investigated  for  a  long  time  the  reactivities  of  alkoxy  radicals 
generated  by  the  homolytic  decompositions  of  the  iodine(III)-alkoxy  bonds.  The 
photolysis  of  hydroxy  compounds  in  the  combination  of  Ph^OAc)^  and  molecular 
iodine  led  to  the  efficient  generation  of  alkoxy  radical  derivatives,  which  relayed  to 
carbon-centered  radicals  by  intramolecular  hydrogen  abstraction  of  organic  com¬ 
pounds,  typically,  carbohydrates,  to  finally  produce  the  corresponding  cyclic  ethers 
in  good  yield  [97].  The  photolysis  was  also  valuable  in  nitroamines,  cyanoamines, 
and  phosphoroamidates  for  neutral  aminyl  radical  generations  for  other  synthetic 
applications  [98].  In  addition  to  these,  some  other  types  of  radical  processes  are 
documented  in  greater  detail  in  the  following  section  (see  Section  7.4)  as  well  as  in 
Chapters  16  and  17. 

The  benzylic  oxidations  and  other  C-H  oxidations  with  IBX,  a  pentavalent 
iodine  reagent,  were  proposed  to  involve  a  SET  event  from  the  substrates  to  the 
iodine  atom  [99].  The  reaction  mechanism  of  the  oxidation  processes  was  well-studied 
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FIGURE  7.24  Homolytic  cleavage  of  hypervalent  iodine  bonds.  (1)  Radical  azidation  (2)  Benzylic  oxidation. 
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by  Nicolaou’s  group,  and  the  oxidation  potentials  and  cyclization  rates  of  a  set  of 
A^-aryl-A^-(phenylthio)amides  were  in  good  accord  with  the  mechanism  invoking  SET 
from  an  anilide  molecules  to  the  iodine(V)  atom  of  a  solvent-activated  IBX,  followed 
by  loss  of  a  proton  to  produce  carbon-centered  radical  species  for  the  C-H  oxidations. 

One  of  the  other  important  characteristics  of  hypervalent  iodine  atoms  is  the  highly 
inductive  electronic  nature  as  a  substituent  [100].  The  electron-deficient  alkynyliodo- 
nium  salts  acted  as  a  dienophile  to  readily  undergo  Diels-Alder-type  cycloaddition  at 
room  temperature  with  a  range  of  dienes,  affording  functionalized  vinyliodonium 
adducts  [51,  101].  The  large  positive  Hammet  substitution  constants  of  hypervalent 
iodine  atoms  also  allowed  the  unsaturated  iodonium  salts  to  act  as  a  good  Micheael 
acceptor  [102-104].  The  fates  of  the  additions,  such  as  carbene  generation  and  ylide 
formation,  were  highly  dependent  on  the  nature  of  the  substrates,  reaction  conditions, 
and  structure  of  the  products,  as  described  in  the  personal  records  and  in  a  part  of  several 
reviews  [105].  The  a-vinyl  protons  of  the  vinyliodonium  salts  are  quite  acidic  by  taking 
advantage  of  the  presence  of  electron-withdrawing  iodanyl  groups,  which  is  utilized  for 
the  formation  of  alkylidene-carbene  iodonium  ylides  as  well  as  the  ylides  of  active 
methylene  compounds  [106, 107].  The  fluoride-assisted  elimination  of  the  silyl  group  of 
a-silyl  vinyliodonium  salts  can  also  occur  to  generate  iodonium  ylides  [108]. 

The  wide  array  of  reactivities  of  hypervalent  iodine  compounds  are  quite  miscel¬ 
laneous.  With  the  earlier-mentioned  summarization,  the  more  detailed  discussions  of 
the  reactivities  of  hypervalent  iodine  reagents  are  thus  referred  to  in  several  compre¬ 
hensive  publications  [2,  3]. 


7.4  APPLICATION 

7.4.1  Synthesis  of  Natural  Products 

Recently,  hypervalent  iodine  reagents  have  received  a  great  deal  of  attention  in 
organic  synthesis  due  to  their  low  toxicities,  ready  availabilities,  easy  handlings,  and 
reactivities  similar  to  that  of  heavy  metal  reagents  and  anodic  oxidations.  A  variety 
of  available  reactions  for  natural  product  syntheses  have  been  developed  based  on  the 
reactivities  mentioned  in  the  earlier  section,  and  hypervalent  iodine  reagents  are  now 
extensively  accepted  for  use  in  natural  product  syntheses  as  a  mild,  safe,  and  eco¬ 
nomical  alternative  to  heavy  metal  reagents  [109].  These  reactions  are  expected  to  he 
utilized  for  pharmaceutical  and  agrochemical  processes  due  to  their  safety  and  mild 
reaction  conditions.  In  this  section,  the  outline  and  aspects  of  hypervalent  iodine- 
induced  reactions  that  are  used  in  the  key  reactions  for  the  total  syntheses  of  natural 
products  are  briefly  illustrated  for  the  purpose  of  update. 

Pioneering  studies  on  hypervalent  iodine-induced  reactions  for  total  syntheses  of 
several  natural  products  were  reported  hy  Kishi  et  al.  in  the  1970s.  By  using  the 
hypervalent  iodine-induced  oxidative  cyclization  of  indole,  the  formal  stereo  specific 
total  synthesis  of  sporidesmin  A,  a  toxic  metabolite  of  Pithomyces  chartamm,  was 
accomplished,  albeit  at  low  yields  of  the  key  oxidative  cyclization  of  the  tryptamine 
derivative  mediated  by  hypervalent  iodine  reagent  (Fig.  7.25)  [110]. 
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FIGURE  7.25  Early  report  of  hypervalent  iodine  reagent  in  natural  product  synthesis. 
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FIGURE  7.26  Synthesis  of  spirocyclic  natural  products  utilizing  hypervalent  iodine- 
induced  biomimetic  phenolic  oxidations. 


Other  early  applications  of  hypervalent  iodine  reagents  in  natural  products  are  the 
total  syntheses  of  hioactive  alkaloids,  that  is,  salutaridine,  (-)-codeine,  and 
6a-epipretazettine  by  Szantay’s  and  White’s  groups  in  the  early  1980s  [111]. 

In  1987,  Kita  et  al.  first  developed  a  general  and  high-yielding  route  to  spirolac- 
tones  and  quinone  monoacetals  by  phenolic  oxidations  with  hypervalent  iodine 
reagents,  specifically  FIFA  [112].  Based  on  their  contributions,  PIDA  and  FIFA  have 
come  to  play  particularly  important  roles  in  replicating  the  biomimetic  phenolic 
oxidation  processes  under  mild  conditions  for  the  total  syntheses  of  biologically 
important  natural  products  and  their  pivotal  intermediates  [113].  The  research  group 
accomplished  the  total  synthesis  of  discorhabdin  C,  an  antitumor  marine  alkaloid,  via 
hypervalent  iodine  oxidation  of  the  (?-silylated  phenol  derivative  to  the  azacarbocy- 
clic  spirodienone  as  a  key  step  (Fig.  7.26,  Eq.  7.1)  [114].  Thus,  the  phenethylami- 
noindole  was  treated  with  MejSiOC(OMe)=CHMe  followed  by  the  oxidative 
spirocyclization  with  FIFA  in  fluoroethanol  to  give  the  spiropyrroloquinolinedione 
natural  product.  The  total  synthesis  of  more  complex  sulfur-linked  discorhabdin  A 
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was  later  reported  by  the  same  group  based  on  the  diastereoselective  oxidative  spiro- 
cyclization  of  the  phenolic  precursors  using  the  hypervalent  iodine  reagent  (Eq.  7.2) 
[115].  A  similar  treatment  of  norbelladine  derivatives  using  FIFA  employed  a  mild 
and  efficient  method  for  preparing  Amaryllidaceae  alkaloids,  galanthamine  for  the 
treatment  of  Alzheimer’s  disease  as  a  selective  acetylcholinesterase  inhibitor  as  well 
as  related  alkaloids,  such  as  narwedine,  norgalanthamine,  sanguinine,  lycoramine, 
and  maritidine  (Eq.  7.3)  [116]. 

One  of  the  recent  applications  of  phenolic  oxidations  in  these  few  years  includes 
the  first  asymmetric  synthesis  of  the  natural  indole  alkaloid  (+)-decursivine  [117]. 
The  key  step  is  the  PIFA-mediated  intramolecular  oxidative  [3  +  2]  cycloaddition  of 
5-hydroxy  tryptophan  with  a  substituted  cinnamamide  in  a  highly  diastereoselective 
manner  (Fig.  7.27,  Eq.  7.1).  Using  PIDA,  highly  efficient  total  syntheses  of  the 
1 1  -membered  cyclic  aspercyclide  A  and  its  analogues  have  been  achieved  by  chemo- 
and  regioselective  intramolecular  oxidative  phenolic  coupling  from  differently  sub¬ 
stituted  diphenols  (Eq.  7.2)  [118].  In  addition,  oxidative  1,2-  and  1,3-alkyl  shifts  of 
phenol  derivatives  mediated  by  a  hypervalent  iodine  reagent  were  utilized  for  the 
rapid  synthesis  of  several  functionalized  polycyclic  systems  as  well  as  a  formal  syn¬ 
thesis  of  acetylaspidoalbidine,  a  hexacyclic  alkaloid  belonging  to  the  Aspidosperma 
family  [119]. 

As  described  in  the  previous  section,  the  functionalizations  of  carbonyl  com¬ 
pounds  at  the  a-carbon  represent  one  of  the  important  transformations  mediated  by 
hypervalent  iodine  reagents  established  early  on  by  Koser  and  Moriarty.  A  broad 
range  of  both  carbon  and  heteroatom  substituents  can  be  introduced  into  the 
a-positions  [120].  In  particular,  the  a-oxygenated  carbonyl  compounds  obtained  are 
versatile  intermediates  in  organic  synthesis.  One  example  in  total  synthesis  is  the 
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FIGURE  7.27  Total  syntheses  of  decursivine  and  aspercyclide  by  hypervalent  iodine- 
induced  phenolic  couplings. 
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FIGURE  7.29  Oxidative  aromatic  C-H  amidation  for  construction  of  DC-8 1  core  structure. 
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FIGURE  7.30  Hofmann  rearrangement  in  application  of  aseltamivir  synthesis. 


late-stage  introduction  of  the  a-hydroxy  group  into  the  cephalotaxine  structure,  the 
parent  memher  of  a  class  of  structurally  unique  antileukemia  Cephalotaxus  alkaloids 
(Fig.  7.28)  [121]. 

Treatment  of  A^-methoxyamides  with  FIFA  generated  electron-deficient  nitrogen 
species,  nitrenium  ions,  which  can  react  intra-  or  intermolecularly  with  an  aromatic 
group  and  other  it-bonds  (see  Fig.  7.22,  Eq.  7.1)  [82,  83].  This  was  applied,  for 
example,  for  synthetic  access  to  the  antitumor  antibiotic  DC-81  (Fig.  7.29)  [122]. 
The  key  cyclization  step  embraced  the  generation  of  A-acylnitrenium  intermediate 
and  its  successive  intramolecular  trapping  by  the  aromatic  ring.  Hofmann-type 
rearrangement  of  primary  amides  using  hypervalent  iodine  reagents  (see  Fig.  7.22, 
Eq.  7.2)  [85]  was  used  in  several  total  syntheses,  such  as  for  the  practical  synthesis 
of  the  influenza  drug  (-)-oseltamivir  phosphate  (Fig.  7.30)  [123]. 

The  Pummerer-type  reaction  using  hypervalent  iodine  reagent  was  utilized  for  the 
total  synthesis  of  a  sulfur-containing  pyrroloiminoquinone  alkaloid,  (±)-makalu- 
vamine  F  [124].  The  reactions  leading  to  the  construction  of  the  a-amino  dihydro- 
benzothiophene  part  involve  the  efficient  cyclization  of  the  benzyl  thioether  followed 
by  azidation  at  the  a-position  of  the  sulfur  group  of  the  dihydrobenzothiophene  via 
the  Pummerer-like  mechanism  (Fig.  7.31). 

Feldman’s  group  reported  that  the  oxidative  cyclization  of  a  phenylthiolated 
dihydrooroidin  derivative  by  hypervalent  iodine  reagent  was  triggered  by  the  extended 
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FIGURE  7.31  Oxidative  aromatic  C-H  sulfenylation  and  aliphatic  a-azidation  during  the 
course  of  makaluvamine  synthesis. 
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FIGURE  7.32  Synthesis  of  dibromophakellstatin  core  structure  via  Pummerer-like  reaction. 
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FIGURE  7.33  Ring  contraction  in  indatraline  synthesis. 


additive  Pummerer  mechanism  for  the  sunfenylated  imidazole  ring  (Fig.  7.32)  [125]. 
The  effective  transformation  using  PhI(CN)OTf  served  the  hiomimetic  approach  to 
the  marine  alkaloids,  (±)-dihromophakellstatin  and  its  family. 

HTIB  promotes  ring  contraction  of  1,2-dihydronaphthalenes,  which  is  an  efficient 
method  to  regiospecifically  construct  traMj-l,3-disubstituted  indane  ring  systems 
[126].  The  reaction  proceeds  via  1,2-alkoxy  iodanylation  of  alkene  unit  followed  by 
rearrangement  (Fig.  7.33).  The  new  approach  for  the  total  synthesis  of  (±)-indatraline 
featured  this  strategy  as  the  key  step. 

The  PIFA-mediated  domino  reaction  of  2,3-epoxy- 1 -alcohols  leading  to  the  lac- 
tols  involves  ring  opening  of  epoxide  by  water  and  the  subsequent  oxidative 
cleavage  of  the  cyclic  1,2-diol  intermediates  (Fig.  7.34,  Eq.  7.1)  [127].  The  bicyclic 
lactol  structures  were  directly  obtained  in  a  single  operation,  and  the  reaction  is 
applicable  to  the  construction  of  an  optically  active  compound,  thus  enabling  the 
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FIGURE  7.34  Application  of  oxidative  cleavage  reactions.  (1)  synthesis  of  tanikolide  (2) 
dubiusamine  A. 


FIGURE  7.35  a-Arylation  of  carbonyl  group  for  obtaining  tabersonine  intermediate. 


efficient  and  concise  asymmetric  synthesis  of  (+)-tanikolide,  an  antifungal  marine 
natural  product. 

Recently,  a  new  oxidative  fragmentation  for  the  9-oxabicyclo[4.2.1]non-7-en-l-ols 
was  utilized  for  the  concise  construction  of  the  5-(4-hydroxybutyl)-2(5//)-furanone 
structures  [128].  When  using  optically  pure  (-)-(R)-5-(4-hydroxybutyl)-2(5//)- 
furanone,  the  formal  total  synthesis  of  (+)-dubiusamine  A  was  achieved  on  the  basis 
of  this  strategy  (Fig.  7.34,  Eq.  7.2). 

Total  syntheses  utilizing  the  typical  reactivities  of  aryliodonium  salts  were 
reported  for  the  access  to  several  natural  products,  especially  those  having  biaryl 
ethers,  a-aryl  carbonyl  moieties,  and  polycyclic  nitrogen  heterocycles  [129].  In  the 
stereocontrolled  synthesis  of  (±)-tabersonine  (Fig.  7.35),  the  silyl  enol  ether  part 
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was  arylated  with  an  excellent  yield  by  using  (2-nitrophenyl)phenyliodonium  salt 
as  the  reactive  aryl  source  [130].  The  more  electron-deficient  2-nitrophenyl  group 
was  chemoselectively  transferred  from  the  iodonium  salt  in  this  aryl-transfer 
process. 

Remarkably,  the  direct  and  highly  selective  asymmetric  version  of  the  a-arylations 
of  prochiral  ketones  was  effected  by  a  combination  of  chiral  lithium  amide  bases  and 
diaryl  iodonium  salts  [131].  The  versatility  of  this  asymmetric  system  was  nicely 
demonstrated  for  the  desymmetrization  of  the  4-substituted  cyclohexanone  toward 
the  short  synthesis  of  (-)-epibatidine  (see  Chapter  17). 

Regarding  the  other  types  of  iodonium  salts,  the  high  reactivities  and  unique 
characteristics  of  alkynyliodonium  salts  (see  the  previous  sections),  such  as 
Michael  accepter  and  carbene-like  reactivities,  were  utilized  for  the  total  synthesis  of 
(-)-agelastatin  A  and  B,  pareitropone,  (±)-lennoxamine,  and  (±)-magnofargesin  [132]. 
The  benzyne  formation  of  the  cyclohexenyliodonium  salt  was  applied  in  the  reaction 
with  enolate  to  deliver  the  cyclobutanol  product  during  the  access  to  guanacaste- 
penes,  the  biologically  active  diterpene  natural  products  [133]. 

Hypervalent  iodine(V)  reagents,  specifically  DMP  [l,l,l-tris(acetyloxy)-l, 
l-dihydro-l,2-benziodoxol-3-(l//)-one],  are  widely  used  for  the  oxidation  of  alcohol 
functionalities  in  complex  molecules  to  carbonyl  compounds  during  the  late  stages 
of  natural  product  syntheses  because  of  their  mild  reactivities  in  chemoselective  and 
functional  group-tolerable  transformations  as  well  as  high-yielding  processes  under 
mild  conditions  [134].  Besides,  recently  IBX  was  found  to  be  favorable  in  synthetic 
organic  chemistry  due  to  its  less  acidic  nature,  and  it  was  sometimes  advantageous  as 
a  rather  efficient  oxidant  for  some  natural  product  syntheses  [135]. 

As  an  early  example  involving  IBX  oxidation  of  alcohols  in  complex  molecules, 
the  total  synthesis  of  the  antifungal  agent  GM222712  via  selective  oxidation  of 
the  primary  alcohol  moiety  of  diol  was  reported  [136].  Some  time  later,  a  report 
of  the  first  total  synthesis  of  (±)-strychnofoline  including  IBX  alcohol  oxidation 
for  producing  a  labile  aldehyde  intermediate  appeared  [137].  The  final  step  of  the 
total  synthesis  of  wailupemycin  B  relied  on  the  chemoselective  IBX  oxidation  of 
the  1,2-diol  to  the  a-hydroxy  ketone  structure  in  the  presence  of  the  glycol  [138]. 
Likewise,  the  selective  oxidation  of  the  triol  to  the  corresponding  1,2-diketo 
compound  was  carried  out  using  IBX  during  the  total  synthesis  of  tetrodotoxin,  the 
puffer  fish  poison  [139]. 

Furthermore,  one  of  the  other  recent  important  contributions  of  IBX  in  total  syn¬ 
thesis  is  the  applications  of  the  dehydrogenation  of  aliphatic  ketones  to  a,p-unsaturated 
carbonyl  moieties  that  were  originally  developed  by  Nicolaou’s  group  in  early 
twenty-first  century  (see  also  Chapter  16)  [140].  The  selective  oxidations  to  the 
desired  a,p-unsaturated  carbonyl  moieties  in  the  late-stage  synthesis  of  cortistatin 
molecules  are  the  remarkable  applications  of  this  type  of  transformation  [141].  The 
a,p-unsaturated  moiety  was  preinstalled  for  the  aliphatic  ketone  moiety  in  the  complex 
intermediate  by  the  dehydrogenation  for  the  next-stage  stereoselective  introduction  of 
the  heteroatom  functionalities  into  the  central  steroidal  core  (Fig.  7.36).  Accordingly, 
the  total  syntheses  of  the  highly  selective  antiproliferative  natural  products,  cortistatins, 
were  achieved  in  their  naturally  occurring  enantiomeric  forms. 
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FIGURE  7.36  Utilization  of  carbonyl  a,p-dehydrogenation  for  coristatin  synthesis. 


FIGURE  7.37  Photoacid  generators  based  on  hypervalent  iodine  compounds. 


There  are  many  further  applications  with  hypervalent  iodine  reagents  for  syn¬ 
theses  of  complex  molecules.  The  more  detailed  summarizations  of  the  applications 
of  hypervalent  iodine  reagents  in  natural  product  syntheses  are  available  in  several 
review  articles  including  ours  [109]. 


7.4.2  The  Photochemical  Applications  of  Diaryliodonium  Salts 

The  diaryliodonium  salts  of  early  discovered  hypervalent  iodine  compounds  have  prac¬ 
tical  use  as  a  new  class  of  PAG  in  many  types  of  cationic  polymerizations  [142-146]. 
The  type  A  and  B  diphenyliodonium  salts  (Fig.  7.37)  were  first  characterized  to  be  an 
efficient  photoinitiated  acid  generator  via  decomposition  of  some  radical  mechanisms 
for  the  cationic  polymerization  of  olefins,  lactones,  epoxides,  and  other  cyclic  ethers. 
The  true  initiators  in  cationic  polymerizations  were  believed  to  be  the  Brpnsted  acid,  in 
this  case,  hydrogen  halides  [143].  The  same  research  group  also  reported  photosensitive 
polyimidothoether  polymers  containing  the  unit  of  diaryliodonium  salts  in  the  main 
chain  (Fig.  7.37,  type  C)  [144].  The  photochemistry  of  diaryliodonium  salts  was  later 
investigated  in  more  detail  by  several  other  research  groups,  such  as  Dektar  and  Flacker 
[145].  It  was  concluded  that  direct  photolysis  of  the  salts  favored  heterolytic  cleavage, 
yielding  the  phenyl  cation  and  iodobenzene.  Meanwhile,  the  sensitized  photodecompo¬ 
sition  in  the  type  D  salts  led  to  homolytic  cleavage  to  the  phenyl  radical  and  the  iodo¬ 
benzene  radical  cation  [146].  The  advances  of  molecular  design  in  diary liodonoum 
salts  in  PAG  applications  are  summarized  in  several  recent  reviews  by  contributors  [5]. 

These  diaryliodonium  salt-based  PAGs  are  promising  especially  in  industrial 
applications  as  a  metal-free  alternative  that  can  easily  modulate  solubility  by  tuning 
the  organic  parts.  Recent  efforts  include  the  design  of  a  new  visible  light-sensitive 
photoinitiator  system  utilization  in  frontal  polymerizations,  and  covalent  grafting  of 
glassy  carbon  electrodes  [147-149].  Besides  these  diaryliodonium  salts,  other  triva- 
lent  iodine  compounds,  that  is,  HTIB,  cyclic  iodinanes,  and  periodonium  salt  were 
tested  as  PAGs  in  polymer  films  for  photoresist  formulations  [150]. 
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7.4.3  The  Biological  Properties  of  lodonium  Salts 

It  was  reported  that  iodonium  salts  show  some  biological  activities.  A  brief  descrip¬ 
tion  of  these  specific  biological  activities  was  found  in  Chemical  Review  published 
in  1996  [3].  Due  to  the  potent  antifungal  and  antimicrobial  activities  of  a  wide  range 
of  iodonium  salts  including  diaryl  and  other  types  of  compounds,  their  potential 
applications  as  disinfectants  as  well  as  preservatives  for  diverse  food  materials  are 
expected,  as  found  in  many  numbers  of  such  patent  claims.  The  update  of  the  recent 
reports  on  biological  activity  researches  includes  inhibition  of  flavoproteins,  hydrog- 
enase  complex,  hypoxic  pulmonary  vasoconstriction,  potent  antibacterial  activities 
against  ice  nucleation  active  (INA),  Pseudomonas  syringae  and  oral  and  dental 
anaerobes,  stimulation  of  glucose  uptake  in  skeletal  muscle  cells  through  mitochon¬ 
drial  complex  I  inhibition  and  activation  of  AMP-activated  protein  kinase,  sensitivity 
of  a  solubilized  membrane  enzyme,  and  others  [151]. 


7.5  RECENT  PROGRESS  AND  EEATURE  OUTLOOK 

Since  the  discovery  of  the  first  hypervalent  organoiodine  compound  (Willgerodt’s 
reagent)  more  than  100  years  ago  [1],  hypervalent  iodine  reagents  have  become  use¬ 
ful  in  many  synthetic  applications,  but  stoichiometric  amounts  have  usually  been 
employed  and  needed.  Accordingly,  catalytic  utilization  of  hypervalent  iodines  is  a 
highly  desirable  goal.  Figure  7.38  illustrates  the  general  catalytic  cycle  including 
the  oxidations  for  hypervalent  iodine  compounds.  The  catalytic  utilization  of  hyper¬ 
valent  iodine  reagent  would  be  possible  if  the  released  iodoarenes  or  iodine(III) 
species  is  successfully  reoxidized  in  situ  to  iodine(III)  or  (V).  The  first  trial  for  the 
catalyzation  of  the  reagent  was  reported  in  the  electrolytic  gem-difluorination  of 
dithioacetals  [152].  Anodic  oxidation  of  (p-methoxy)iodobenzene  to  the  active 
trivalent  iodine  species  took  place  efficiently  at  a  positive  potential  of  1 .9  V  versus 
silver-silver  chloride  electrode  (SSCE),  while  the  cyclic  dithioacetals  did  not  cause 
any  undesired  oxidations  under  the  electrolytic  conditions  due  to  their  higher  oxidation 


Catalytic  utilization 


FIGURE  7.38  Catalytic  utilization  of  hypervalent  iodine  reagent. 


RECENT  PROGRESS  AND  FEATURE  OUTLOOK 


133 


1-5  mol%  Arl  (Ar  =  4-tolyl) 
wet  mCPBA 

(m-chloroperbenzoic  acid) 
Trifluoroacetic  acid 
2  dichloromethane,  RT 

R  =  H,  alkyl,  halogen 
R'  =  H,  alkyl,  aryl 


(1) 


10  moI%  Phi 
mCPBA 


R  =  alkyl,  aryl 
R'  =  H,  alkyl,  ester 


BF2'Et20,  H2O 
acetic  acid,  RT 


(IBX) 


OH 


2-Iodobenzoic  acid 


O 

r'  oh 


o 


o 


OAc 

(up  to  63%) 


(2) 


Oxone  R  OH  R  R 

(2KHSO5/KHSO4/K2SO4)  Carboxylic  acid  Aldehyde  (R3=H) 
acetonitrile/water  or  ketone 

70°C 


(3) 


FIGURE  7.39  Pioneering  researches  in  catalyzations. 


potentials  (over  1.9  V  versus  SSCE).  However,  the  catalytic  conditions  based  on  the 
electrochemical  reoxidations  were  problematic  in  the  presence  of  a  more  oxidizable 
substrate  due  to  the  relatively  high  oxidation  potential  of  iodobenzene. 

Fortunately,  hypervalent  iodine  reagents  meet  the  criteria  for  being  a  new 
organocatalyst,  based  on  the  many  reliable  catalytic  conditions  reported  in  2005 
(Fig.  7.39)  [153-155].  The  catalytic  strategy  is  now  available  for  carrying  out  many 
representative  types  of  both  iodine(III)-  and  iodine(V)-induced  oxidations  together 
with  suitable  terminal  oxidants,  for  example,  mCPBA  or  Oxone®,  the  success  of 
which  are  already  summarized  in  several  accounts  and  review  articles  [156]. 
Recently,  the  catalytic  strategies  have  been  expanding  in  other  types  of  transforma¬ 
tions  along  with  optimization  of  the  catalytic  conditions,  reoxidants,  and  iodine 
catalysts  themselves  [157-184].  In  addition  to  the  extension  of  a-oxygenations 
[158-162],  Figure  7.40  includes  the  summary  of  the  selected  catalytic  reports.  The 
examples  include  the  new  iodine(III)  catalytic  system  for  the  organocatalytic  syn- 
diacetoxylation  of  alkenes  (Fq.  7.1)  [163],  spirolactamization  [164]  by  new  dinu- 
clear  catalysts  with  a  green  oxidant,  peracetic  acid  (Fq.  7.2)  [165],  oxidative 
aromatic  substitution  for  cyclizations  of  aryl  A-methoxy  ethanesulfonamides  (Eq. 
7.3)  [166],  and  related  cyclizations  [167]  as  well  as  its  intermolecular  version  using 
the  Kita’s  catalyst  (Eq.  7.4)  [168],  first  carbon-carbon  bond-forming  case  in 
catalytic  preparation  of  the  core  structure  of  the  galanthamine  type  Amaryllidaceae 
alkaloids  using  a  new  reoxidation  system  (Eq.  7.5)  [169],  catalytic  cyclizations  of 
alkynes  (Eq.  7.6)  [170]  and  related  cyclizations  [171],  the  catalytic  versions  of 
hypervalent  iodine-induced  Hofmann  rearrangements  (Eq.  7.7)  [172],  the  iodo- 
arene-catalyzed  oxidative  cleavage  of  carbon-carbon  unsaturated  bonds  (Eq.  7.8) 
[173].  For  catalytic  use  of  pentavalent  iodine  reagents,  2-iodobenzenesulfonic  acid 
(IBS)-catalyzed  efficient  oxidation  of  alcohols  [174],  oxidative  rearrangements  of 
tertially  allylic  alcohols  (Eq.  7.9)  [175],  ring  expansions  (Eq.  7.10),  [176]  and  other 
catalytic  reactions  by  the  IBS  catalyst  [177,  178],  oxidations  to  quinones  using 
water-soluble  iodoarene  catalyst  (Eq.  7.11)  [179]  were  reported.  Besides,  some 
transition  metals  and  organocatalysts  work  as  a  cocatalyst  for  a  green  and  mild 
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FIGURE  7.40  Selected  examples  of  hypervalent  iodine-catalyzed  oxidative  transformations 
of  organic  molecules. 


catalytic  generation  of  hypervalent  iodine  species  in  oxidations  of  alcohols  and 
specific  hydrocarbons  [183,  184]. 

In  spite  of  the  significant  advances  with  regard  to  hypervalent  iodine  reagents  in 
organic  synthesis,  asymmetric  induction  by  hypervalent  iodine  reagent  control  is  still 
challenging  [185].  Early  reports  of  the  designs  of  chiral  hypervalent  iodine  com¬ 
pounds  for  asymmetric  reactions  are  shown  in  Figure  7.41  [186-189].  Efforts  have 
thus  been  devoted  to  the  design  of  new  chiral  reagents  with  the  aim  of  achieving 
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FIGURE  7.41  Chiral  hypervalent  iodine  compounds  examined  in  early  studies. 


(2008)  (2013) 

FIGURE  7.42  Catalytic  asymmetric  dearomatizing  spirolactonization  based  on  new  chiral 
hypervalent  iodine  reagent. 

asymmetric  oxidations  with  high  stereoselectivities  [186-194],  but  no  effective  chiral 
hypervalent  iodine  compounds  had  ever  been  reported  until  very  recently. 

The  breakthrough  in  asymmetric  controls  by  hypervalent  iodine  reagents  was 
reported  by  Kita  et  al.,  who  established  in  2008  the  first  protocol  for  asymmetric 
dearomatizing  orl/io-spirocyclization  of  naphthols  bearing  a  carboxylic  acid  moiety 
as  an  intramolecular  nucleophilic  side  chain  by  designing  a  novel  chiral  hypervalent 
iodine(III)  compound  based  on  the  spirobiindane  backbone  (Fig.  7.42).  Surprisingly, 
the  reactions  were  found  to  proceed  at  unprecedented  excellent  levels  for  asymmetric 
inductions  at  that  time  under  stoichiometric  conditions  (up  to  86%  ee  value  at  -50°C) 
and  even  catalytic  conditions  with  mCPBA  (up  to  69%  ee  at  0°C)  [195].  This  is  a 
landmark  event  that  established  the  chiral  iodine  compound  as  a  new  entrant  for 
asymmetric  organocatalysis.  The  results  are  noteworthy  because  the  use  of  other  chiral 
iodoarenes  (as  in  Fig.  7.41)  resulted  in  the  formation  of  almost  racemic  spirolactones. 
The  same  research  group  demonstrated  theoretical  elucidation  of  the  catalyst 
structure  and  synthesized  a  series  of  ort/io-functionalized  catalyst  alternatives  for 
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FIGURE  7.43  Ishihara’s  flexible  chiral  catalyst  in  second  report. 


improving  the  enantioselectivities  up  to  92%  ee  under  the  catalytic  conditions, 
proving  the  reasonable  transition-state  model  of  the  phenolic  oxidations  induced  by 
hypervalent  iodine  reagents. 

Since  the  report  on  the  asymmetric  dearomatization  of  naphthols,  reports  on  sev¬ 
eral  asymmetric  phenolic  oxidations  as  well  as  other  transformations  have  appeared 
[196-203]. 

Recently,  the  dearomatizing  reactions  and  catalytic  systems  by  Kita  were  applied 
to  further  catalyst  screening  by  others.  Based  on  Fujita’s  chiral  lactate-type  iodoarene 
compounds  [194],  Ishihara’s  group  discovered  in  2010  a  new  C2-symmetric  hyper¬ 
valent  iodine  catalyst  bearing  the  two  chiral  lactate  groups  at  the  ortho  positions  of 
the  iodophenyl  ring  in  their  evaluation  of  catalysts  for  the  same  reactions  [196].  It  is 
noteworthy  that  the  new  catalyst  successfully  provided  the  same  spirolactone  product 
with  up  to  92%  ee  by  10-15  mol%  loadings  (Fig.  7.43). 

The  other  recent  advances  in  asymmetric  oxidations  using  hypervalent  iodine 
reagents  includes  the  stoichiometric  use  of  Ishihara’s  type  catalysts  for  other  asymmetric 
transformations,  that  is,  oxidative  endo-cyclizing  lactonizations  reported  by  Fujita  et  al. 
(Fig.  7.44,  Eq.  7.1)  [197],  diamination  of  styrenes  and  other  alkenes  (Eq.  7.2)  [198], 
intramolecular  amino  oxygenative  cyclizations  (Eq.  7.3)  [199],  and  oxidative  cycli- 
zations  to  fluoroamines  (Eq.  7.4)  [200]. 

Regarding  the  trials  of  nonintramolecular  catalytic  asymmetric  transformations, 
Quideau  et  al.  reported  the  asymmetric  oxidations  of  ortho-substited-l-naphthols, 
where  the  asymmetric  hydroxylative  phenol  dearomatizations  were  effected  by  a 
modified  chiral  iodobinaphtyl  catalyst  (Fig.  7.45)  [201].  The  subsequent  epoxida- 
tion  of  ortho-quinols  in  a  regio-  and  diastereo- selective  fashion  under  the  catalytic 
conditions  with  stoichiometric  mCPBA  provided  the  moderate  optical  activities 
of  the  observed  products  in  enantioselectivities  up  to  50%  ee  value.  The  stoichio¬ 
metric  version  involving  similar  dearomatization  to  ortho-quinols  using  chiral 
2-(c>-iodoxyphenyl)-oxazoline  catalysts  was  also  reported  by  Birman  for  a  few  sub¬ 
strates  to  provide  the  Diels-Alder-type  ortho-quinol  dimers  with  significant  levels 
of  asymmetric  inductions  up  to  77%  ee  value  [202]. 

In  addition,  it  should  be  noted  that  the  spirocyclic  relatives  of  Kita’s  chiral  iodo¬ 
arene  catalysts  in  Figure  7.42  have  been  recently  reported  by  Volp  and  Harned  for 
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FIGURE  7.44  Application  of  Ishihara’s  chiral  reagents  in  several  types  of  hypervalent 
iodine-mediated  transformations. 
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FIGURE  7.45  Dearomatizing  asymmetric  ort/io-hydroxylation  of  phenols. 
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FIGURE  7.46  Dearomatizing  asymmetric  ptira-hydroxylation  of  phenols. 


the  corresponding  para-quinol  formation  in  an  asymmetric  manner  (Fig.  7.46) 
[203].  Interestingly,  the  spirocyclic  acetal  catalyst  with  2.2  equivalents  of  mCPBA 
as  reoxidant  can  furnish  the  asymmetric  hydroxylated  center  of  p-quinols  remote  to 
the  phenol-derived  functionality,  despite  the  low  to  moderate  ee  values. 
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An  alternative  role  of  hypervalent  iodine  reagents  in  asymmetric  transformations 
is  the  cooperative  use  with  asymmetric  catalysts.  Besides  the  chiral  metal  complexes, 
the  recent  combination  of  hypervalent  iodine  reagents  with  some  chiral  organocata- 
lysts  encourages  extension  of  hypervalent  iodine  chemistry  for  effecting  several 
asymmetric  transformations  in  other  areas  [204]. 

In  addition  to  these  recent  significant  advances,  the  innovative  research  frontis¬ 
pieces  of  this  area  of  oxidative  cross-couplings  that  have  made  an  appearance  in  the 
past  few  years  should  be  noted.  In  particular,  the  biaryl-constructing  cross-coupling 
strategies  that  can  effectively  utilize  unfunctionalized  C-H  bonds  have  now  opened 
new  metal-free  synthetic  areas  in  organic  synthesis  [205].  The  expected  role  of  the 
hypervalent  iodine  reagent  in  the  twentieth  century  was  a  simple  replacement  of  the 
heavy  metal  oxidants,  which  goes  beyond  to  alternatives  to  even  metal  catalysts  as 
much  as  the  unique  reactivities  and  selectivities  have  been  pioneered.  With  such 
contributions,  hypervalent  iodine  chemistry  will  continue  to  make  an  impact  in  the 
twenty-first  century  [206]. 
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8.1  INTRODUCTION 

The  physical  and  chemical  properties  of  molecular  systems  are  heavily  influenced  by 
the  intermolecular  forces.  The  anomalous  boiling  behavior  of  water  as  well  as  all  the 
complex  recognition  events  occurring  in  biological  systems  and  the  solubility  pro¬ 
files  of  a  given  compound  in  different  solvents  are  selected  phenomena  where  the 
fine  balance  between  different  intermolecular  forces  play  a  major  role.  As  a  result, 
hydrogen  bonding  (HB),  dipole-dipole  interactions,  ion-dipole  interactions,  and  van 
der  Waals  forces  are  the  basis  for  understanding  phenomena  related  to  chemical  reac¬ 
tivity,  catalysis,  and  biomolecular  structure  and  function  and  are  essential  in  any 
chemical,  biological,  and  physical  description  [1]. 

Fluorine,  chlorine,  bromine,  iodine,  and  astatine  belong  to  the  17th  group  of  the 
periodic  table  and  are  known  as  the  halogens  (X).  The  insertion  of  a  halogen  atom  in 
a  compound  gives  rise  to  halogenated  systems.  Halogen  atoms  are  usually  close  to 
the  molecular  surface  in  organic  derivatives,  namely,  they  are  conveniently  posi¬ 
tioned  to  be  easily  involved  in  intermolecular  interactions  and  can  affect,  or  even 
drive,  recognition  and  self-assembly  processes.  Most  of  the  noncovalent  interactions 
given  by  halogen  atoms  in  haloorganics  belong  to  two  main  classes.  In  the  first  class 
the  halogen  atoms  act  as  electron  density  donor  sites  toward  electron-deficient  part¬ 
ners  as  hydrogen  atoms  or  metal  cations.  This  interaction  can  be  easily  understood  in 
terms  of  the  high  electronegativity  of  halogen  atoms  resulting  in  a  high  electron 
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density  at  their  surface  [2],  In  the  second  class,  halogen  atoms  act  as  electron  density 
acceptor  sites  and  attractively  interact  with  electron  donors.  This  latter  interaction 
class  is  known  as  the  halogen  bond  (XB)  and  has  been  widely  observed  in  many  dif¬ 
ferent  contexts  even  if  it  may  seem  conflicting  with  the  high  electronegativity  of 
halogens  [3]. 

In  recent  years,  the  halogen  bond  has  evolved  from  a  scientific  curiosity  to  a 
chemical  interaction  frequently  pursued  when  design  and  manipulation  of  aggregation 
processes  are  targeted.  According  to  the  International  Union  of  Pure  and  Applied 
Chemistry  (lUPAC)  definition:  A  halogen  bond  occurs  when  there  is  evidence  of  a 
net  attractive  interaction  between  an  electrophilic  region  associated  with  a  halogen 
atom  in  a  molecular  entity  and  a  nucleophilic  region  in  another,  or  the  same,  molec¬ 
ular  entity  [4]. 

The  electrophilic  nature  for  halogen  atom  has  long  been  considered  as  strangeness 
and  the  persistent  biases  resulting  from  the  approximation  that  halogen  atoms  are 
neutral  entities  in  dihalogens  or  fully  negative  elements  in  the  halocarbons  has  long 
prevented  electrophilic  halogens  from  being  considered  responsible  for  the  frequent 
formation  of  strong  attractive  interactions. 

Recent  theoretical  studies  have  fully  explained  the  electrophilic  nature  of  halogen 
in  terms  of  anisotropic  distribution  of  the  electron  density  around  the  atoms  [5].  This 
anisotropy  determines  the  formation  of  a  region  of  positive,  or  less  negative, 
electrostatic  potential,  the  so-called  a  hole  [6],  on  the  outermost  surface  of  the  hal¬ 
ogen  atom.  In  a  halogen  derivative  Y-X  (Y  =  C,  N,  halogen  atom,  etc.)  there  is  a 
depletion  of  electron  density  (a  hole)  on  the  extension  of  the  covalent  bond  formed 
by  the  halogen  (Fig.  8.1)  and  the  atomic  radius  along  the  covalent  bond  is  smaller 
than  in  the  perpendicular  direction  as  an  outcome  of  this  anisotropic  distribution  of 
the  electron  density. 
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FIGURE  8.1  Schematic  representation  of  the  electron  density  distribution  of  covalently 
bound  halogen  atoms  (X)  and  the  resulting  attractive  interactions  with  Lewis  acids  and  bases. 
Left:  Traditional  textbook  description.  Right:  Description  based  on  the  anisotropic  distribution 
of  the  electron  density. 
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In  general,  halogen  bonds  can  be  depicted  as  follows: 

Y-X-D  (8.1) 

where  X  is  the  electrophilic  halogen  atom  (Lewis  acid,  XB  donor),  D  is  an  electron 
density  donor  (Lewis  base,  XB  acceptor),  and  Y  is  typically  a  carbon,  nitrogen,  or 
halogen  atom  (Scheme  8.1). 

The  depleted  electron  density  on  the  extension  of  the  Y-X  bond  increases  on  moving 
from  F  to  I,  namely,  increases  with  the  polarizability  of  the  halogen  atom  [7].  Therefore 
the  strength  of  the  halogen  bond  donor  increases  in  the  order  Cl  <  Br  <  I  [8],  and  fluorine 
atom  can  work  as  a  halogen  bond  donor  only  when  attached  to  particularly  strong  elec¬ 
tron-withdrawing  groups  [9].  Importantly,  the  cr-hole  region  is  surrounded,  in  all  the  hal¬ 
ogen  atoms,  by  an  electroneutral  ring  and,  further  out,  a  negatively  charged  belt  (Fig.  8.2). 


Y  -  X  +  D  »  Y  -  X  D 

Y  =  C,N,  halogen,  etc.  X  =  I,Br,Cl,  F  D  =  N,  O,  S,  Se,  Cl,  Br,  I... 

r,  Br-,  cr,  F-. . . 

SCHEME  8.1  General  scheme  for  the  formation  of  halogen  bond. 


FIGURE  8.2  Left:  The  molecular  electrostatic  potential  at  the  isodensity  surface  with  0.001  an: 
CF^,  CF3CI,  CF^Br,  and  CF3I.  Color  ranges  are  as  follows:  Red,  greater  than  27  kcal  mol"'; 
yellow,  between  20  and  14  kcal  mol"';  green,  between  12  and  6  kcal  mol"';  blue,  negative. 
Right:  Fj  and  CF^SO^OCOF  (the  CF^  group  is  on  top).  Color  ranges  are  as  follows:  Red, 
greater  than  20  kcal  mol"';  yellow,  between  20  and  9  kcal  mol"';  green,  between  9  and  0  kcal 
mol"';  blue,  negative.  For  F^  and  CF^SO^OCOF  the  black  hemispheres  denote  the  positions  of 
the  most  positive  potentials  associated  with  the  fluorines.  (See  insert  for  color  representation 
of  the  figure.) 
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The  (T  hole  becomes  more  extended  and  more  positive  as  the  electron-withdrawing 
effect  of  the  neighboring  groups  increases  [10].  This  feature  allows  for  the  careful 
tuning  of  the  strength  of  the  halogen  bond  by  changing  the  Y  residue  [11]. 

According  to  this  model,  halogen  atoms  may  act  as  amphiphilic  sites.  They  function 
as  Lewis  bases  when  interacting  with  electron  density  acceptor  sites  through  electron 
density  donation  from  their  nonbonding  orbitals  (negative  belt),  while  they  act  as 
Lewis  acids  when  accepting  electron  density  into  the  a  hole  from  Lewis  bases  [12]. 

Halogen  bond  denotes  any  electron  density  donation  to  halogen  atoms  by  neutral 
or  anionic  Lewis  bases  (e.g.,  N,  O,  S,  P,  halogens,  n  electrons).  From  a  geometric 
point  of  view,  the  attractive  nature  of  XB  results  in  35-10%  shortening  of  the  inter¬ 
atomic  distance  of  participating  atoms  (D  and  X)  below  the  sum  of  their  van  der 
Waals  radii  [13]  and  in  an  elongation  of  the  Y-X  covalent  bond  [14].  These  evidences 
can  be  understood  in  term  of  charge-transfer  interaction  where  the  electrons  in  the  n 
orbital  of  D  are  donated  to  the  antibonding  X-Y  orbital. 

The  linear  directionality  of  XB  is  a  quite  distinctive  feature  for  this  noncovalent 
interaction  and  the  stronger  the  XB  is,  the  closer  to  180°  the  angle  between  the 
covalent  and  noncovalent  bonds  in  the  D  --X-Y  system  is  [15].  Both  the  position  of 
the  region  with  positive  electrostatic  potential  in  the  starting  halogen  derivative  and 
the  n^cT*  donation  of  electron  density  in  the  complex  can  be  used  to  rationalize  this 
directionality  [16].  The  XB  interaction  energies  strongly  depend  on  the  nature  of  the 
involved  XB  donors  and  acceptors.  They  typically  cover  the  range  5-30  kJ  mol  '  and, 
in  special  cases,  they  can  be  as  high  as  180-200  kJ  mol '. 

Iodine  is  a  better  halogen  bonding  donor  than  lighter  halogens,  namely,  it  affords 
stronger  and  more  directional  interactions.  As  for  the  other  halogens,  its  electron  density 
acceptor  ability  increases  with  the  increased  electron-withdrawing  ability  of  the  atom 
bound  to  it.  The  order  X-I  >  C(sp)-I  >  C(sp^)-I  >  C(sp^)-I  (X  =  halogen)  is  generally 
followed.  lodohalogen  diatomic  molecules  and  iodoheteroarenes  [17]  where  the  het¬ 
eroaromatic  ring  is  positively  charged  are  particularly  good  halogen  bond  donors,  but 
also  iodoalkynes  [18]  and  some  iodoarenes  [19]  form  fairly  strong  XB  interactions. 

has  all  the  features  to  function  as  a  very  good  halogen  bond  donor,  the  positive 
cap  on  any  iodine  atoms  in  being  comparable  to  the  a  hole  on  the  iodine  atom  of 
an  iodoperfluorocarbon  or  iodoethynyl  derivative  (Fig.  8.3)  [20]. 

lodoperfluorocarbons  are  frequently  used  halogen  bonding  donors  and  they  have 
been  extensively  employed  by  P.  Metrangolo  and  G.  Resnati  during  the  last  15  years 
to  investigate  some  basic  features  of  the  interaction  and  to  exploit  them  in  applica- 
tively  useful  systems  [22].  Iodoalkynes  are  less  conventional  halogen  bonding  donors 
despite  the  fact  that  the  triple  bond  effectively  increases  the  electrophilic  character  of 
the  iodine  atom  [23],  and  recent  papers  have  proven  the  ability  of  the  C=C-I  moiety 
to  drive  the  formation  of  different  halogen-bonded  systems  with  interesting  physical 
and  chemical  properties  [24].  The  exploitation  of  iodoperfluorocarbons  and  iodo¬ 
alkynes  as  XB  donors  has  been  well-documented  in  recent  reviews  and  will  be  not 
discussed  in  this  chapter  [25]. 

In  this  chapter  we  present  a  brief  overview  of  selected  halogen-bonded  systems 
involving  exclusively  iodine  molecule  (I^)  as  XB  donor.  Few  examples  with  BrI  and 
ClI  XB  donors  will  also  be  discussed  with  the  aim  to  show  how  the  XB  strength  can 


AS  HALOGEN  BONDING  DONOR 


163 


F  F 


FIGURE  8.3  Molecular  electrostatic  potential  surfaces  of  representative  halogen  bond 
donors.  Red  indicates  negative  charge  density  and  blue  positive  charge  density.  The  plots  have 
been  set  to  the  same  color  scale  for  facilitating  visual  comparison.  For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  chapter. 
Reproduced  with  permission  from  Ref.  [21]  ©  Royal  Society  of  Chemistry. 

be  tuned  by  changing  the  electron-withdrawing  ability  of  the  atom  bound  to  iodine. 
The  halogen  bonding  acceptors  selected  here  (D  in  Eq.  8.1)  will  cover  different 
classes  of  organic  neutral  molecules  having  free  electron  lone  pairs  and  tz  systems 
that  could  function  as  electron  donor  sites  (D  =  N,  O,  P,  S,  As,  Se,  Te,  tz  systems). 
A  limited  number  of  examples  involving  charged  halogen  bonding  acceptors  will 
discussed  too  (D  =  I”,  Cl“,  or  Br“). 

Examples  chosen  will  be  selected  in  the  liquid  and  solid  state,  and  we  will  provide 
the  information  of  the  strength  of  halogen-bonded  complexes  in  terms  of  both  ther¬ 
modynamic  data  and  percentage  reduction  distance  in  a  D---!  pair  relative  to  the  sum 
of  the  van  der  Waals  radii  of  the  involved  atoms.  The  illustrated  cases  will  span  over 
a  wide  range  of  fields  covering  both  fundamental  and  applied  sciences,  from  supra- 
molecular  chemistry  and  crystal  engineering  to  functional  cocrystals. 

This  chapter  covers  only  a  part  of  the  contributions  that  has  given  to  supramo- 
lecular  chemistry  during  the  past  few  years.  The  chosen  examples  are  good  represen¬ 
tatives  of  the  future  opportunities  that  could  open  in  the  field  of  self-assembly  and 
materials  sciences. 


8.2  AS  HALOGEN  BONDING  DONOR 
8.2.1  Perspective 

The  history  of  the  halogen  bond  involving  iodine  molecule  dates  back  approximately 
200  years  ago  when  the  adduct,  probably  the  first  halogen-bonded  system  ever 

prepared,  was  synthesized  in  J.  L.  Gay-Lussac’s  laboratory  by  J.  J.  Colin  [26],  and  he 
observed  that  the  reaction  between  dry  gaseous  ammonia  and  dry  iodine  provided  to  the 
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Color  of  iodine  in  various  solutions 


A.  Violet  Solutions 
Hydrocarbons: 

Hexane 

Benzene  (thiophene  free) 

Toluene! 

o-Xylene^ 

m-Xylene 

p-Xylene 

Halogen  compounds: 
Chloroform 
Ethylene  chloride^ 
Ethylidine  chloride 
Tetrachlorethylene"^ 
Carbon  tetrachloride 
Isobutyl  chloride^ 

Amyl  chloride 
Chlorbenzene 
Benzalchloride 
B  enzotrichloride 


B.  Brown  Solutions 
Iodides: 

Ethyl  iodide 
Amyl  iodide 
Cetyl  iodide 
Phenyl  iodide 

Potassium  iodide  t  In  water 
Hydrogen  iodide  j  solutions 
Oxygen  compounds. 
Alcohols: 

Methyl  alcohol 
Ethyl  alcohol 
n-Butyl  alcohol 
Dimethylethyl  carbinol 
Heptyl  alcohol 
Ethers: 

Ethyl  ether 
Dimethyl  acetal 
Anisol 


FIGURE  8.4  Part  of  the  table  from  Lachman’s  seminal  paper  published  in  1903  reporting  the 
different  colors  for  several  solvents  upon  addition  of  I^.  Reproduced  with  permission  from  Ref.  [30]. 


formation  of  a  liquid  a  somewhat  metallic  luster.  The  characterization  of  the  complex 
and  the  molecular  understanding  of  the  interaction  between  NH^  and  raised  more 
than  50  years  later  when  F.  F.  Guthrie  obtained  the  same  liquid  in  pure  form  after  add¬ 
ing  powdered  iodine  to  aqueous  ammonia  and  proposed  the  structure  [27]. 

Almost  100  years  later  the  association  constants  {K^  between  (XB  donors)  and 
arenes  (XB  acceptors)  provided  by  H.  A.  Benesi  and  J.  H.  Flildebrand  [28],  along 
with  R.  S.  Mulliken’s  studies  on  the  quantum  mechanical  nature  of  these  interactions 
[29]  set  the  fundamental  information  for  all  the  experimental  and  theoretical  studies 
that  have  been  performed  during  the  following  years  on  halogen-bonded  complexes. 

The  ability  of  to  interact  with  a  variety  of  Lewis  bases  was  studied  using  differ¬ 
ent  techniques  both  in  solution  and  in  the  solid  state.  The  observation  that  solutions 
of  molecular  iodine  in  different  electron-donating  solvents  have  different  colors 
played  a  fundamental  role  in  understanding  the  interaction  of  iodine  molecule  with 
systems  having  free  lone  pairs.  Water  or  alcohols  solutions  of  are  brown,  while 
when  Ij  is  dissolved  in  carbon  tetrachloride,  benzene,  or  other  solvents  of  low 
basicity,  red  to  violet  solutions  are  obtained  (Fig.  8.4)  [30].  A.  Lachman  had  pro¬ 
posed  as  early  as  1903  the  formation  of  “solvent- •T^”  complexes  in  solution  in  order 
to  explain  the  color  variation  and  40  years  later  the  different  reactivity  of  the  mol¬ 
ecule  in  different  solvents  was  interpreted  by  J.  Kleinberg  and  A.  W.  Davidson  [31] 
in  terms  of  the  strength  of  solvent- interaction. 


8.2.2  UV-VIS  Spectroscopy 

The  ultraviolet-visible  (UV-VIS)  spectroscopy  provided  important  information 
on  the  strength  of  molecule  as  an  XB  donor.  The  interaction  of  with  a  sol¬ 
vent  endowed  with  Lewis  basic  properties  affects  the  UV-VIS  spectrum  of  the 
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FIGURE  8.5  Left:  The  color  of  iodine  solutions  relates  with  the  electron-donating  ability  of 
the  employed  solvents.  From  left  to  the  right  the  characteristic  colors  of  dissolved  in  hexane, 
toluene,  dichloroethane,  acetonitrile,  methanol  and  pyridine  [3d].  Right:  Electronic  specha  of 
CCl^  solutions  of  before  and  after  the  addition  of  excess  amount  of  benzene,  mesitylene,  and 
hexamethylbenzene  (/I ,  ,  369  nm).  A  charge-transfer  band  appears  upon  cosolvent 

addition  and  its  increases  with  the  strength  of  the  XB  acceptors  (benzene,  285  nm;  mesitylene, 
327  nm;  hexamethylbenzene,  369  nm).  Reproduced  with  permission  from  Ref.  [32]  ©  Royal 
Society  of  Chemistry.  (See  insert  for  color  representation  of  the  figure.) 
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system,  which  may  vary  significantly  with  respect  to  the  starting  “isolated” 
molecules  (Fig.  8.5). 

Two  pronounced  changes  generally  occur  in  the  spectrum:  A  hypsochromic  shift 
is  observed  in  the  visible  region,  while  a  new  band  appears  in  the  UV  region  due  to 
the  charge-transfer  phenomena  between  the  XB  acceptor  and  donor.  Numerous 
studies  using  different  XB  acceptor  solvents  such  as  azines  and  azoles,  ethers,  car¬ 
bonyl  and  sulfur  derivatives,  and  jt  systems  (Fig.  8.5)  allowed  to  get  detailed  insights 
in  the  formation  of  halogen-bonded  I^--- solvent  complexes.  Association  constants 
derived  from  UV-VIS  experiments  have  shown  that  polarizable  Lewis  bases  are 
excellent  XB  acceptors  toward  I^,  and  the  obtained  trend  follows  the  hard-soft  acid- 
base  theory.  XB  acceptors  possessing  a  lone  pair  form  more  stable  adducts  than  sys¬ 
tems  possessing  it  electrons  (Fig.  8.6).  This  may  be  related  to  the  fact  that  a  lone  pair 
interacts  more  favorably  with  the  a  hole  of  the  XB  donors  than  a  jt-electron  system. 
The  values  of  of  complexes  involving  diatomic  molecules  such  as  ICl  and  IBr  with 
pyridine  have  shown  how  the  XB  strength  tends  to  increase  with  the  electronegativity 
of  the  atom  bound  to  iodine,  consistent  with  the  general  trend  that  the  more  positive 
the  (T  hole  is,  the  stronger  the  halogen-bonded  complex  [33]. 

The  huge  number  of  data  from  UV-VIS  spectroscopy  has  also  allowed  to  define 
an  Ij  basicity  scale  (pX^  =  log(X^))  [34].  This  scale  is  analogous  to  the  pX^  jj  scale 
commonly  used  to  describe  basicity  toward  protons.  It  is  based  on  the  use  of  I^  as  a 
reference  Lewis  acid  and  can  be  used  to  anticipate  the  solution  behavior  of  I^  [32]. 
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FIGURE  8.6  Association  constants  (K^)  for  representative  halogen-bonded  complexes 
in  organic  solvents  obtained  through  UV-VIS  measurements.  The  used  solvent  is  given  in 
parenthesis  [21]. 


Anions  are  generally  good  nucleophiles  and  might  be  expected  to  function  as 
valuable  XB  acceptors.  In  the  recent  years  this  ability  was  confirmed  with  a  great 
variety  of  XB  donors  [35].  The  behavior  of  anionic  species  in  the  formation  of  halo- 
gen-bonded  systems  has  been  well-documented  in  recent  papers  and  reviews  [36].  In 
this  section  only  few  selected  examples  will  be  presented. 

The  formation  of  the  triiodide  anion  1^“  and  analogous  mixed  trihalides  Y (Y  =  Br, 
Cl,  F)  can  be  easily  rationalized  in  terms  of  XB .  F,  the  electron  donor,  is  the  XB  acceptor 
and  attractively  interacts  with  the  a  hole  of  I^,  the  electron  acceptor  [37],  which  functions 
as  the  XB  donor.  The  n^cr*  donation  results  in  the  formation  of  an  XB  on  the  extension 
of  the  covalent  bond  of  molecular  iodine.  The  experimental  AH  of  the  reaction  I^  +  l~ 
is  -17  kJ  mol '  in  water  (K^  counterion)  and  -126  kJ  mol  '  in  the  gas  phase  [38] 
while  the  computed  gas-phase  value  (MP2/LANL2DZ  level)  is  139.0  kJ  mol '  [39]. 

The  formation  of  the  I^^  in  solution  was  postulated  in  1959  by  E.  E.  Havinga  and 
coworkers  due  to  the  increased  solubility  of  the  molecular  iodine  in  water  upon  addition 
of  iodide  anion  [40].  After  that  evidence,  numerous  studies  were  performed  on  polyio- 
dide  systems  and  for  further  information  on  this  topic,  see  the  dedicated  chapter. 

Also,  poly  iodides  are  well-documented  in  the  literature  [41]  and  they  can  be  con¬ 
sidered  as  halogen-bonded  adducts  when  their  geometry  is  in  keeping  with  the  direc¬ 
tionality  of  the  interaction.  Some  examples  of  polyhalide  anions  such  as  and 
and  some  mixed  systems  such  as  C\^~  or  Br^I^”  will  be  presented  onward  in  the 
solid-state  section. 


8.2.3  IR  Spectroscopy 

Infrared  (IR)  spectroscopy  is  a  valuable  tool  to  study  halogen-bonded  complexes 
formed  by  I^.  The  frequency  of  the  I-I  stretching  in  the  IR  region  is  lowered  upon  XB 
adduct  formation,  and  it  is  strongly  correlated  with  the  basicity  of  the  XB  acceptor; 
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the  stronger  the  base  the  larger  the  shift  [42].  The  I-I  stretching  variation  is  related 
not  only  to  the  change  of  force  constant  of  the  I-I  bond  but  also  to  the  coupling  of  the 
I-I  and  I---D  stretching  bands,  but,  unfortunately,  the  two  band  usually  overlap.  This 
behavior  has  limited  the  use  of  IR  spectroscopy  for  studying  the  formation  of  I^-'-D 
halogen-bonded  systems.  The  iodine  frequency  shift  on  XB  complex  formation 
could  not  be  used  to  create  an  iodine  scale  as  was  the  case  for  the  UV-VIS  method, 
the  use  of  IR  spectroscopy  being  limited  to  assessing  the  formation  of  new  halogen- 
bonded  systems. 

I-Cl  shows  shift  perturbations  similar  to  those  of  I^,  but  the  low  solubility  of  the 
compound  in  several  solvents,  its  high  reactivity,  and  easy  ionization  have  restricted 
its  use  for  establishing  relative  basicities  of  different  derivatives. 

8.2.4  Raman  Spectroscopy 

Raman  spectroscopy  can  be  considered  a  very  reliable  tool  for  identifying  the  iodine 
moiety  in  neutral  I^-'-D  adducts  and  polyiodide  species  both  in  solution  [43]  and  in  the 
solid  state  [44] .  The  I-I  stretching  mode,  at  1 80  cm  '  in  solid  I^,  moves  on  I-I-  •  -D  adducts 
formation.  Its  position  depends  on  the  physical  state  of  the  system  and  in  linear  adducts 
the  I-I  stretching  mode  is  typically  observed  in  the  region  140-210  cm '.  The  frequently 
observed  lower-frequency  shift  is  due  to  the  lowered  bond  order,  and  consequent 
increases  in  the  I-I  distance,  resulting  from  the  charge  transfer  occurring  on  interaction 
formation.  For  example,  the  interaction  of  I^  with  different  solvents  causes  an  I-I  fre¬ 
quency  decrease  related  to  the  electron-donating  ability  of  the  solvent,  the  I-I  stretching 
mode  being  at  167,  202,  and  205  cm  *  in  pyridine,  ethanol,  and  benzene,  respectively 
[45].  C1-I---D  complexes  show  a  similar  trend  and  a  similar  correlation  between  the 
changes  of  the  vibration  bands  and  the  relative  basicity  of  the  D  moiety  [45]. 

R  Deplano  and  coworkers  [46]  analyzed  a  huge  number  of  Raman  spectra  in  the 
solid  state  for  various  I^-'-D  neutral  adducts  and  polyiodide  species  starting  from  I^^“ 
up  to  I^,^  .  The  analyses  allowed  for  the  classification  and  the  prediction  of  the  pos¬ 
sible  vibrational  mode  for  the  I-I  molecule  in  all  the  polyiodide  systems.  It  was  also 
possible  to  suggest  that  the  formation  of  discrete  units  is  highly  unlikely. 

G.  Resnati  et  al.  have  recently  demonstrated  the  unique  ability  of  the  diiodide  of 
l,6-bis(trimethylammonium)hexane  (hexamethonium  diiodide,  HMET^’^-2I“)  to  trap 
one  I^  molecule  and  to  form  the  discrete  dianion,  which  has  a  low  stability  as  iso¬ 
lated  species  [47]  (Fig.  8.7).  Similarly,  the  triiodide  of  2,2,9,9, 16, 1 6-hexamethyl-2,9, 1 6- 
triazoniaheptadecane  (HMTAHD^^),  a  structurally  related  tri-ammonium  cation,  traps 
two  I^  molecules  and  forms  the  discrete  I^^“  trianion  [48].  The  obtainment  of  these 
unusual  polyiodides  as  isolated  species  is  driven  by  a  combination  of  two  factors,  the 
ability  of  I"  to  work  as  very  efficient  XB  acceptors  toward  I^  and  the  dimensional  con¬ 
trol  provided  by  the  size  matching  [49]  of  the  intramolecular  N^-N^  separation  in  the 
cation  with  the  separation  of  the  iodide  anions  in  the  halogen-bonded  “I-  •  •  I^-  •  •  I"  moiety, 
which  are  8.9  and  9.7  A  in  HMET^"^  and  I^^~,  respectively.  The  discrete  polyiodide  sys¬ 
tems  were  obtained  both  from  solution  and  from  the  gas/solid  reaction  and  either  the 
hi-  and  the  triammonium  cations  are  able  to  reversely  uptake  and  release  I^  by  external 
stimulus  demonstrating  their  dynamically  porous  character. 
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FIGURE  8.7  Top  left:  Molecular  structures  of  the  polyiodides  HMET^'^-I^^"  and 
HMTAHD^*  !^^".  Bottom  left:  Raman  spectrum  of  HMTAHD^+-I^^".  Right:  Ball-and-stick  rep¬ 
resentation  of  the  crystal  packings  of  HMET^'^T^^"  (top)  and  HMTAHD’'^T^^"  (right)  viewed 
along  c  crystallographic  axis;  XBs  and  T--H  HBs  are  dashed  lines,  respectively;  color  code: 
Carhon,  gray;  nitrogen,  blue;  iodine,  purple;  hydrogen,  white.  Eor  interpretation  of  the  refer¬ 
ences  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  weh  version  of  this  chapter. 


The  Raman  spectra  of  and  HMTAHD^’^-I^^“  show  the  vibrational  I-I 

mode  at  161  and  163  cm  \  respectively.  The  lower  frequency,  with  respect  to  isolated 
Ij,  is  nicely  consistent  with  the  charge  transfer  from  the  iodide  anions  to  the  iodine 
molecule(s)  occurring  on  interaction  formation. 


8.2.5  Solid  State  and  Crystal  Structures 

The  design  and  construction  of  new  crystalline  materials  with  specific  properties  is  a 
frontier  research  topic  with  remarkable  applicative  potential.  Crystal  engineering 

[50]  has  rapidly  grown  within  this  frame  and  has  developed  its  basic  guidelines  dis¬ 
secting  the  crystalline  system  into  one  or  more  cooperative  supramolecular  synthons 

[51] .  Engineered  multicomponent  crystals  (cocrystals)  [52]  have  been  developed  and 
applied  in  a  great  variety  of  areas  spanning  from  green  chemistry  to  biomedical  treat¬ 
ments  and  material  sciences  [53]. 

XB  is  playing  an  increasingly  important  role  in  crystal  engineering  and  solid-state 
chemistry,  and  it  is  not  surprising  to  find  several  examples  where  molecules  have 
been  used  to  construct  new  engineered  cocrystals.  In  the  following  section  a  brief 
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CHART  8.1  Histogram  representing  the  distribution  of  halogen-bonded  adducts  formed  by 
as  a  function  of  the  XB  acceptor  atom.  Search  performed  on  CSD  5.34. 


inventory  of  the  recent  halogen-bonded  system  will  be  presented;  the  XB 

acceptors  D  will  be  either  a  neutral  or  an  anionic  systems.  The  percentage  distance 
reduction  in  an  L--D  pair,  in  comparison  with  the  sum  of  the  van  der  Waals  radii  of 
the  involved  atoms,  will  be  used  as  an  indication  of  the  strength  of  the  XB.  The 
neutral  XB  acceptors  will  be  discussed  first  dividing  them  as  in  the  groups  of  the 
periodic  table,  while  the  anionic  XB  acceptors  will  be  presented  later  on. 

A  search  in  the  Cambridge  Structural  Database  (CSD  5.34)  [54]  was  performed 
for  systems  containing  halogen-bonded  molecules,  namely,  for  adducts  with  inter- 
molecular  I---D  distances  (D  =  N,  O,  P,  S,  As,  Se,  and  Te)  shorter  than  the  sum  of  the 
van  der  Walls  radii  of  involved  atoms.  Structures  with  no  3D  atomic  coordinates  or 
with  crystallographic  disorder  on  the  XB  donors  are  not  considered. 

In  CSD,  178  crystal  structures  have  been  found  wherein  one  or  more  mole¬ 
cules  are  halogen-bonded  to  a  lone  pair-possessing  atom  D  [55].  The  distribution 
of  the  atoms  that  function  as  electron  donors  toward  the  ct  hole  in  I^  is  summarized 
in  Chart  8.1.  Sulfur  is  the  most  common  XB  acceptor  atom,  followed  by  nitrogen 
and  selenium  while  P,  O,  As,  and  Te  atoms  function  as  the  acceptors  in  quite  few 
structures. 

8.2.5. 1  XB  Acceptors  from  thelSth  Group 

Ij  molecule  strongly  interacts  with  XB  acceptors  where  the  electron  donor  site  is  an 
sp^-nitrogen  atom.  l,4-Diazabicyclo[2.2.2]octane  (DABCO)  is  a  very  good  neutral 
XB  acceptor  and  on  crystallization  with  equimolar  amounts  of  f  a  discrete,  linear, 
and  dimeric  I^-- -DABCO  adduct  [56]  is  formed  wherein  the  donor: acceptor  ratio  is 
1:1  as  both  the  donor  and  the  acceptor  modules  are  monodentate,  the  I---N  distance 
is  as  short  as  2.366  A  (corresponding  to  a  33%  reduction  of  N  and  I  van  der  Waals 
radii),  and  a  nonminor  elongation  of  the  I-I  covalent  distance  is  observed  (2.8536  A 
relative  to  2.715  in  pure  and  solid  I^).  The  use  of  different  crystallization  conditions 
affords  discrete,  linear,  and  trimeric  I^-'-DABCO-'-Ij  adducts  where  theI---N  separation 
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is  slightly  longer  and  the  I-I  separation  is  slightly  shorter  than  in  the  dimeric  adduct 
(2.4213  and  2.8305  A,  respectively).  Also,  N-monoalkyl-substituted  DABCO  deriv¬ 
atives  can  coordinate  iodine  through  the  lone  pair-possessing  nitrogen  when  the  non- 
nucleophilic  PF^”  moiety  is  used  to  avoid  the  possible  competing  binding  of  iodine 
by  the  anion  (Fig.  8.8).  The  I---N  distance  is  even  longer  than  the  trimeric  adduct 
(2.519  A,  28%  reduction  of  van  der  Waals  radii)  indicating  that  the  presence  of  a 
positive  charge  on  DABCO  consistently  reduces  the  electron  donor  ability  of  the 
nitrogen  atom  and  a  weaker  XB  is  formed. 

The  Ij-'-hexamethylenetetramine  cocrystal  is  another  nice  example  where  an  sp^- 
nitrogen  atom  functions  as  XB  acceptor  towards  the  molecule  [57].  The  iodine 
molecule  bridges  two  hexamethylenetetramine  molecules  forming  an  infinite  undu¬ 
lated  supramolecular  chain  where  donor  and  acceptor  modules  alternate  (Fig.  8.9). 
The  1---N  distances  are  nonequivalent,  Il-'-Nl  and  I2''-N2  being  2.439  and  3.482  A, 
which  correspond  to  a  3 1  and  2%  reduction  of  van  der  Waals  distances,  respectively. 
The  formation  of  the  strong  II  •  •  -Nl  XB  results  in  an  enhancement  of  electron  density 


FIGURE  8.8  Ball-and-stick  representation  of  the  I^-  DABCO  halogen-bonded  cocrystals: 
Adduct  with  1 : 1  ratio  (top  left),  1 :2  ratio  (bottom  left),  and  Ij-'  A-octyl-DABCO'^PF^"  cocrystal 
(right).  Due  to  their  reduced  length,  XBs  are  represented  by  solid  lines  (similar  to  covalent 
bonds)  [56].  Color  code:  fluorine,  yellow;  phosphorous,  orange;  other  elements  as  in  Figure  8.7. 
For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the 
web  version  of  this  chapter. 


FIGURE  8.9  Ball-and-stick  representation  of  the  Ij-'-hexamethylenetetramine  cocrystal. 
The  asymmetric  unit  of  the  system  is  on  the  left  and  the  infinite,  halogen-bonded,  and  undu¬ 
lated  chain  is  on  the  right.  XBs  are  shown  as  black  dotted  lines.  Color  code  as  in  Figure  8.7. 
For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the 
web  version  of  this  chapter. 
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on  the  Ij  moiety,  the  electron  acceptor  ability  of  12  is  reduced,  its  interaction  with  N2 
becomes  weak,  and  the  12- ■•N2  separation  is  quite  long. 

forms  strong  halogen-bonded  complexes  also  with  sp^-hybridized  nitrogen 
atoms.  Pyridine  and  its  derivatives  can  be  considered  typical  representatives  for  this 
class  of  XB  acceptors.  The  first  crystal  structure  involving  an  synthon  was 

probably  reported  by  O.  Hassel  in  1961  [58].  The  iodine  molecule  interacted  with 
4-picoline  to  give  discrete  dimers  with  an  I-  •  -N  distance  2.322  A  long  (33%  reduction 
of  van  der  Waals  distances). 

Cocrystallization  of  l,2-bis(4-pyridyl)ethylene,  a  widely  used  module  in  XB 
crystal  engineering  [59],  with  gives  an  adduct  with  a  1 :2  ratio  between  XB  acceptor 
and  donor  [60].  The  l,2-bis(4-pyridyl)ethylene  functions  as  a  ditopic  XB  acceptor 
and  the  two  nitrogen  atoms  are  halogen-bonded  to  two  distinct  iodine  molecules, 
which  work  as  monodentate  XB  donors.  The  second  iodine  atom  of  each  unit 
interacts  with  the  iodine  atom  of  a  symmetry-related  molecule  through  a  type  I 
halogen-halogen  interaction  [61].  The  final  supramolecular  architecture  is  a  quasi- 
linear  infinite  chain  where  the  XB  acceptor  molecules  are  separated  from  each  other 
by  two  units  (Fig.  8.10).  Distances  are  as  follows:  I1---N1  2.422  A  (29%  reduction 
of  van  der  Waals  radii)  and  I2'''I2^  ^  ^  ^  ^  ^  3.885  A.  Type  I  halogen-halogen  inter¬ 

actions  are  not  stabilizing  interactions  and  are  generally  caused  by  close  packing 
requirements. 

4-Cyanopyridine  forms  a  cocrystal  with  I^,  and  the  crystal  structure  is  highly 
educational  from  the  XB  point  of  view  as  molecules  fully  exploit  their  high  versa¬ 
tility  as  supramolecular  synthons  (Fig.  8.11).  The  asymmetric  unit  is  composed  of 
two  4-cyanopyridine  molecules  and  two  molecules.  As  expected,  the  pyridine 
nitrogen  atoms  are  halogen-bonded  to  one  iodine  atom  of  two  different  units 
(I1---N1  is  2.554  A  and  I3"-N3  is  2.543  A,  30%  reduction  of  van  der  Waals  radii). 
These  II  and  13  atoms  behave  as  amphoteric  species  after  orthogonal  directions: 
They  function  as  “head  on”  XB  donors  with  the  N1  and  N3  nitrogen  atoms  and  as 
“side-on”  XB  acceptors  with  the  closest  iodine  atoms,  namely,  14  and  12,  respec¬ 
tively.  In  other  words,  the  negative  belts  of  II  and  13  point  to  the  a  holes  14  and 
13  (I4--T1  and  I2'"I3  distances  are  3.921  and  3.885  A,  respectively).  By  interacting 
with  each  other  through  the  a  hole- ••negative  belt  supramolecular  synthon,  I^  mole¬ 
cules  construct  a  ribbon  wherein  an  iodine- • -iodine  infinite  chain  is  decorated  by 


Type  I  halogen-halogen  interaction 


FIGURE  8.10  Ball-and-stick  representation  of  the  supramolecular  chain  formed  by  1,2-bis 
(4-pyridyl)ethylene  and  I^.  XBs  and  type  I  halogen-halogen  interactions  are  shown  as  black 
dotted  lines  and  highlighted  with  arrows.  Color  code  as  in  Figure  8.7.  For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  chapter. 
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FIGURE  8.11  Ball-and- stick  representaion  of  halogen-bonded  l2--4-cyanopyridine  cocrystal 
showing  the  ribbon  of  iodine-"iodine  chain  decorated  with  cyanopyridine  pendants  (left)  and 
the  planar  layer  arrangement  (right).  XBs  and  HBs  are  shown  as  black  dotted  lines.  Color  code 
as  in  Figure  8.7.  For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is 
refen'ed  to  the  web  version  of  this  chapter. 


XB  synthon 


HB  synthon  Type  I  halogen-halogen  interaction 


FIGURE  8.12  Top:  Snapshots  of  the  crystal  packing  representing  the  three  interactions  that 
are  present  in  the  Ij  -'isonicotinamide  complex.  Bottom:  Crystal  packing  showing  the 
alternating  arrangement  between  XB  donors  and  acceptors  couples.  Color  code:  oxygen,  red; 
other  elements  as  in  Figure  8.7.  All  the  noncovalent  interactions  are  shown  as  black  dotted 
lines.  For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to 
the  web  version  of  tbis  chapter. 


4-cyanopyridine  pendants  bound  via  XBs.  Notably,  the  cyano  groups,  which  are 
Lewis  bases  and  can  work  as  XB  acceptors  [62],  do  not  form  any  XB  in  this  system. 
They  work  as  HB  acceptors  and  the  attractive  interactions  with  pyridine  hydrogens 
connect  the  halogen-bonded  ribbons  into  2D  planar  layers  (Fig.  8.11). 

Also,  the  crystal  packing  of  the  I^- •■isonicotinamide  adduct  shows  the  concomitant 
presence  of  XB,  type  I  halogen-halogen  interactions,  and  HB  (Fig.  8.12)  [63]. 
Isonicotinamide  has  four  potential  electron  donor  sites:  the  oxygen  atom,  the  pyridine 
and  amide  nitrogen  atoms,  and  the  extended  jt  system.  In  the  cocrystal  with  iodine, 
isonicotinamide  dimers  are  formed  thanks  to  the  amide-amide  pairing,  a  particularly 
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robust  synthon  in  crystal  engineering.  Two  pyridine  nitrogen  atoms  are  at  the  endings 
of  linear  and  hydrogen-bonded  dimers;  they  both  work  as  XB  acceptors  and  bind  two 
molecules  (I-'-N  distance  2.442  A,  32%  reduction  of  van  der  Waals  radii)  after  a 
quite  linear  geometry.  Two  tetrameric  and  rod-shaped  adducts  (assembled  via  HB  and 
XB)  further  interact  with  each  other  thanks  to  type  I  halogen-halogen  interactions 
3.631  A),  and  fairly  linear  infinite  chains  are  formed  wherein  iso¬ 
nicotinamide  and  diiodine  couples  alternate.  In  the  overall  crystal  packing  these 
chains  are  connected  through  jt-jt  interactions  involving  pyridine  rings. 

Iodine  can  also  work  as  a  hidentate  XB  donor  against  atoms,  and  this  is  typi¬ 
cally  the  case  for  electron  donors  weaker  than  pyridine,  as  is  the  case  with  pyrazine 
and  quinoxaline  derivatives,  which  typically  give  rise  to  infinite  supramolecular 
chains  [64].  In  some  of  these  halogen-honded  chains  the  I---N  distances  are  in  the 
range  of  2.992-2.941  A  corresponding  to  15-17%  reduction  of  van  der  Waals  radii 
and  the  iodine  atoms  are  involved  in  short  contacts  also  with  sulfur  atoms  present  in 
the  XB  acceptor  module,  thus  indicating  once  more  the  propensity  of  iodine  to  form 
numerous  and  diversified  interactions. 

Ten  structures  containing  Cl-I  molecule  are  reported  in  the  CSD.  2-Chloroquinoline 
forms  a  dimer  with  ClI  where  the  N--T  distance  is  2.432A  (32%  reduction  of  van  der 
Waals  radii).  These  dimers  interact  with  each  other  to  give  infinite  chains  (Fig.  8.13, 
left)  where  the  chlorine  and  iodine  atoms  of  any  ClI  unit  form  a  bifurcated  HB  with 
a  quinoline  proton  [65].  An  interesting  structure  was  reported  by  A. I.  Popov  and 
coworkers  in  1967  (Fig.  8.13,  right)  [66].  The  iodine  atom  of  ClI  forms  a  nonsym- 
metric  and  bifurcated  XB  interaction  with  two  adjacent  nitrogen  atoms  of  pentam- 
ethylenetetrazole.  The  Il-'-Nl  contact  is  as  short  as  2.347  A  (33%  reduction  of  van 
der  Waals  radii)  and  the  other  contact  is  much  longer  (II •••N2  is  3.347  A,  2% 
reduction  of  van  der  Waals  radii).  This  bonding  pattern  can  also  be  interpreted  as  the 
entrance  of  the  iodine  a  hole  on  the  nitrogen-nitrogen  bond.  No  other  interactions 
are  present  in  the  crystal  lattice. 

Only  two  structures  have  heen  found  in  CSD  having  Brl---N  interaction  [67].  In 
both  cases  only  the  iodine  atom  functions  as  an  XB  donor,  and  distances  are  in  the 
range  of  2.405-2.410  A  (32%  reduction  of  van  der  Waals  radii). 

In  general,  the  products  RjPnX^,  formed  when  dihalogens  (X^)  react  with  trivalent 
organic  derivatives  of  group  15  elements  (R,Pn,  Pn  =  pnicogen  atom,  R  =  alkyl,  aryl. 


FIGURE  8.13  Left:  Supramolecular  infinite  chain  formed  by  XB  and  HB  in  ClI  - 
2-chloroquinoline  complex.  Right:  Halogen-bonded  ClL-  pentamethylenetetrazole  dimer. 
Color  code:  chlorine,  green;  other  elements  as  in  Figure  8.7.  XBs  and  HBs  are  pictured  as 
black  dotted  lines.  For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader 
is  referred  to  the  web  version  of  this  chapter. 
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alkoxy,  aryloxy,  dialkylamino,  etc.),  can  have  remarkably  different  structures,  which 
can  encompass  three  main  classes:  (1)  halogen-bonded  adducts  (also  called  charge- 
transfer  or  “spoke”  adducts  in  the  less  recent  literature),  (2)  ionic  halide  salts,  and  (3) 
molecular  five-coordinate  species  adopting  a  trigonal  bipyramidal  geometry  (Chart  8.2, 
left,  mid,  and  right,  respectively)  [68].  The  pnicogen  atom  in  the  first  and  second  class 
of  compounds  has  a  tetrahedral  geometry  and  the  ionic  halide  salts  can  be  considered 
the  products  formed  by  such  strong  XBs  that  X-Pn  distances  are  as  short  as  typical 
“covalent”  bonds  and  the  charge  transfer  from  Pn  to  X  is  remarkable  enough  to  allow 
for  the  heterolytic  cleavage  of  the  X-X  covalent  bonds.  The  nature  of  the  pnicogen 
heavily  influences  the  most  common  structure  of  the  product  R^PnX^.  No  easily  acces¬ 
sible  d  orbitals  are  present  on  nitrogen,  which  forms  halogen-bonded  adducts  with 
great  preference.  Heavier  pnicogens  preferentially  form  ionic  halide  salts  and  molec¬ 
ular  five-coordinate  species,  but  here  we  will  discuss  only  the  halogen-bonded  adducts. 

N.A.  Barnes  and  coworkers  [68]  have  reported  the  formation  (Fig.  8.14,  left)  of 
linear  and  extremely  short  I-I---P  interactions  spanning  the  range  2.451-2.513  A 
(34-35%  reduction  of  van  derWaals  radii).  These  short  I---P  distances  correspond  to 
extremely  long  I-I  distances  (3.081-3.257  A).  This  feature  indicates  the  high 
efficiency  of  the  phosphorus  to  donate  electron  density  and  function  as  an  extremely 
good  XB  acceptor  unit.  Different  tritolyl  arsines  have  been  reported  to  form  short  I- 
I---As  interactions  (Fig.  8.14,  mid)  [69].  The  observed  l-'-As  distances  (2.735  and 
2.742  A,  30%  van  der  Waals  radii  reduction)  correspond  to  a  smaller  percentage 
reduction  of  van  der  Waals  distances  with  respect  to  the  phosphorus  complexes,  but 
the  As  atom  can  also  be  considered  a  good  XB  acceptor  for  I^. 
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CHART  8.2  Main  structural  types  of  RjPnX^  adducts. 


FIGURE  8.14  Asymmetric  units  for  three  halogen-bonded  cocrystals  having  the  1-1-"P/As 
and  Br-I  --P  contacts.  The  CSD  codes  and  XB  length  are  reported  for  each  complex.  Color 
code  as  in  Figure  8.7.  For  interpretation  of  the  references  to  color  in  this  figure  legend,  the 
reader  is  refen'ed  to  the  web  version  of  this  chapter. 
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Only  one  halogen-bonded  cocrystal  involving  BrI  is  reported.  The  XB  acceptor  is 
triphenylphosphine  [70]  and  the  observed  I---P  distance  (2.461  A,  35%  reduction  of 
van  der  Waals  radii)  is  similar  to  analogous  adducts  involving  (Fig.  8. 14,  right). 

8.2.5. 2  XB  Acceptors  from  thelSth  Group 

Neutral  and  anionic  oxygen  atoms  can  behave  as  efficient  XB  acceptors  [71].  C. 
Walbaum  and  coworkers  [72]  have  reported  the  assembling  of  infinite  supramolecular 
chains  through  the  0-'T-I---0  synthon  involving  two  molecules  of  dibenzo-24- 
crown-8. 1---0  distances  are  2.932  A  long  and  correspond  to  16%  van  der  Waals  radii 


FIGURE  8.15  Views  of  l2  -  dibenzo-24-crown-8  complex  along  the  a-axis  (top)  and  the 
c-axis  (bottom).  Color  code  as  in  Figure  8.12.  XBs  are  shown  as  black  dotted  lines.  For  inter¬ 
pretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version 
of  this  chapter. 
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reduction;  the  angles  are  170°.  The  XB  donors  and  acceptors  form  separate 

domains  (Fig.  8.15),  and  no  other  noncovalent  interactions  stabilize  the  crystal  packing. 
Three  other  interesting  structures  display  the  I-I---0  interaction.  The  shortest  interac¬ 
tion  distance  is  observed  in  the  cocrystal  between  1,4-dioxane  and  [73]  (2.808  A, 
20%  reduction  of  van  der  Waals  radii),  wherein  both  the  XB  donor  and  acceptor  are 
ditopic  and  infinite  chains  are  formed.  A  series  of  metal-organic  frameworks  based  on 
cadmium  have  been  used  to  trap  from  solution  or  in  a  gas-solid  process.  The  molec¬ 
ular  iodine  is  halogen-bonded  with  perchlorate,  and  the  I- •  -O  distances  are  in  the  range 
of  2.924—3.141  A  (11-16%  van  der  Waals  radii  reduction)  [74]. 

The  synthon  is  the  most  abundant  in  CSD  and  here  we  discuss  the  most 

recent  structures  where  it  is  present.  In  a  dinuclear  nickel  complex  reported  by  B. 
Buchner  and  coworkers  [75],  the  molecule  is  coordinated  to  a  sulfur  atom  bound  to 
the  metal  center  (Fig.  8.16,  left)  and  the  F  •  -S  distance  is  very  short  (2.755  A,  34%  van 
der  Waals  radii  reduction),  similar  to  the  I^-'-DABCO  complexes  described  earlier. 

The  S-'T-I-'-S  motif  is  found  in  the  complex  between  and  [Ru(dcbpy)2(SCN)2], 
the  most  widely  used  dye  in  dye-sensitized  solar  cells.  In  this  structure,  reported  by  M. 
Haukka  et  al.  [76],  one  molecule  bridges  two  sulfur  atoms  of  two  isothiocyanate 
units  at  two  different  metal  complexes  (II •••S2  2.954  A  and  I4---S1  3.531  A,  22  and  7% 
van  der  Waals  radii  reduction,  respectively)  (Fig.  8.16,  right).  Another  molecule  also 
forms  two  XBs,  one  with  a  sulfur  atom  and  another  with  the  jt  system  of  the  dipyridyl 
ligand  (I2"-S1  2.836  A,  24%  van  der  Waals  radii  reduction,  and  13- ••jt  system  3.615  A). 

The  thione  units  of  differently  functionalized  five-membered  heterocycles  work 
as  effective  XB  acceptors  [77].  The  F"S  distances  are  quite  short  (WURGEW;  2.545 
A,  33%  van  der  Waals  radii  reduction;  WURGIA:  2.615  A,  31%  reduction; 
WURGOG:  2.686  A,  29%  reduction)  and  result  in  nonminor  elongation  of  the  I-I 
distance  relative  to  pure  (Fig.  8.17). 


FIGURE  8.16  Halogen-bonded  adducts  assembled  thanks  to  the  I-L"S  synthon.  Left: 
asymmetric  unit  of  a  dinuclear  nickel  complex;  color  code:  sulfur,  dark  yellow;  nickel,  green; 
other  colors  as  in  Figure  8.7.  Hydrogen  are  omitted  for  clarity.  Right:  Dimer  of  two  Ru(II)- 
centered  metal  complexes  forming  the  S  --I-I  "S  motif.  Color  code:  ruthenium,  emerald  green; 
sulfur,  dark  yellow;  oxygen,  red;  other  colors  as  in  Figure  8.7.  For  interpretation  of  the  refer¬ 
ences  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  weh  version  of  this  chapter. 
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FIGURE  8.17  Asymmetric  units  for  three  halogen-bonded  cocrystals  having  I-L-  S 
contacts.  I  -S  XBs  are  dark  solid  lines;  I  -I  XBs  are  shown  as  black  dotted  lines.  CSD  codes 
are  reported  for  each  complex.  Color  code  as  in  Figure  8. 14.  For  interpretation  of  the  refer¬ 
ences  to  color  in  this  figure  legend,  the  reader  is  refen'ed  to  the  web  version  of  this  chapter. 


FIGURE  8.18  Hydrogen-  and  halogen-bonded  polymers  present  in  the  crystal  packing  of 
Brl  --dibenzyldisulfide  (top)  and  ClF-  dibenzyldisulfide  (bottom)  adducts.  Color  code  as  in 
Figures  8.13  and  8.14.  XBs  are  shown  as  solid  lines  and  HBs  as  black  dotted  lines.  For  inter¬ 
pretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version 
of  this  chapter. 

The  ability  of  sulfur  to  work  as  a  very  good  XB  acceptor  on  interaction  with 
iodine  is  confirmed  by  the  adducts  formed  by  Br-I  and  Cl-I.  Good  examples  of  Br- 
I'"S  and  C1-T--S  synthons  were  reported  by  A.J.P.  White  et  al.  [78].  They  described 
that  the  adducts  formed  by  dibenzyldisulfide  with  these  interhalogens  are  quite 
similar.  The  iodine  atoms  are  strongly  halogen-bonded  to  the  S  atom,  and  the  L-'S 
distance  is  shorter  in  the  Cl-I  adduct  (2.575  A)  than  in  the  Br-I  adduct  (2.616  A,  30% 
reduction  of  van  der  Waals  radii),  due  to  the  higher  electronegativity  of  Cl,  compared 
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to  Br  that  makes  the  a  hole  on  iodine  in  Cl-I  more  positive  and  thus  more  prone  to 
interact  with  the  electron  donor.  The  bromine  and  chlorine  atoms  form  weak  and 
similar  HBs  with  the  benzylic  protons  of  a  nearby  dibenzyldisulfide,  and  similar 
polymeric  chains  are  formed  where  HB  and  XB  interactions  alternate  along  the 
chains  (Fig.  8.18). 

The  behavior  of  dihalogens  (X^)  with  divalent  organic  derivatives  of  group  16  elements 
RjCh  (Ch  =  chalcogen  atom,  R  =  alkyl,  aryl,  alkoxy,  aryloxy,  dialkylamino,  etc.) 
recalls  that  described  earlier  for  R^Pn  pnicogen  derivatives.  Halogen-bonded 
adducts  (here  too  called  charge-transfer  or  “spoke”  adducts  in  the  less  recent  litera¬ 
ture)  or  oxidative  addition  products  (having  either  a  see- saw  or  a  T  shape)  are  formed 
depending  on  the  nature  of  R,  X,  and  Ch.  The  heavier  the  chalcogen,  the  less  common 
the  formation  of  halogen-bonded  adducts,  but  various  such  systems  have  been 
described  for  selenium  and  even  for  tellurium.  Some  of  those  formed  by  diiodine  are 
described  here. 

The  formation  of  supramolecular  adducts  involving  selenium  as  an  XB  acceptor 
has  been  known  for  a  long  time  [15],  and  B.  Muller  et  al.  [79]  recently  reported  very 
simple  and  elegant  systems  containing  the  I^-'-Se  synthon.  Dimethyldiselenide  and 

form  a  1:1  adduct  (Fig.  8.19,  left)  where  the  F-'Se  distance  is  2.849  A  (27% 
reduction  of  van  der  Waals  radii).  Under  different  preparation  conditions,  a  1:2 
adduct  is  formed  (Fig.  8.19,  right)  wherein  the  L"Se  distance  is  longer  (2.932  A, 
24%  van  der  Waals  radii  reduction)  than  in  the  1 : 1  complex,  probably  due  to  the 
other  short  contacts  present  in  the  two  systems,  namely,  the  overall  crystal  packing 
requirements. 

l-Phenylselenyl-8-phenylsulfenylnaphthalene  allows  for  a  direct  comparison 
of  the  relative  ability  of  selenium  and  sulfur  atoms  to  function  as  XB  acceptor  sites 
on  interaction  with  [80].  In  the  1:2  adduct  with  iodine,  one  molecule  shows  a 
quite  short  T-Se  contact  (Fig.  8.20,  left)  (2.844  A,  27%  van  der  Waals  radii 
reduction).  The  other  molecule  is  not  bound  to  sulfur  but  is  pinned  at  either  ends 
by  two  I- "I  XBs  involving  the  second  iodine  atoms  of  two  selenium-bound  mol¬ 
ecules  (L-T  distance  3.526  A,  Il-I2-I3a„  ,  ,  108.01°,  I2--T3a-I3„  ,  , 

176.33°).  Iodine  shows  a  similar  selenium  for  sulfur  preference  in  the  1:1  adduct 
with  an  acenaphthene  derivative  bearing  the  phenylselenyl  and  phenylsulfenyl 


FIGURE  8.19  Unit  cells  for  Ij-'  Ul-dimethyldiselenide  adducts  in  1:1  (left)  and  1:2  ratio 
(right).  The  I-  -Se  distances  are  reported.  Color  code:  selenium,  dark  yellow;  other  colors  as  in 
Figure  8.7.  For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is 
referred  to  the  web  version  of  this  chapter. 
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FIGURE  8.20  Left:  1:2  XB  adduct  between  iodine  and  l-phenylselenyl-8-phenylsulfenylna 
phthalene.  Mid:  Asymmetric  units  of  1:1  XB  adduct  (6-(phenylsulfanyl)-l,2-dihydroacenaph- 
thylen-5-yl)(phenyl)  selenide  and  l^.  Right:  Network  of  noncovalent  interactions  between 
three  h-phenylselenyl-S-hromoacenaphthene:!^  halogen-honded  adducts.  Color  code  as  in 
Figures  8.17  and  8.18.  CSD  codes  for  any  complex  are  reported.  Competing  XB  acceptor  sites 
are  labeled  with  their  atomic  symbol.  XB  are  shown  as  solid  lines  for  I  --Se  contact  and  black 
dotted  lines  for  1- -I  contact;  other  interactions  are  shown  as  hlack  dotted  lines.  For  interpreta¬ 
tion  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of 
this  chapter. 
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FIGURE  8.21  Dimers  assembled  by  the  Te"-I-F--Te  motif.  Color  code:  tellurium,  orange; 
other  colors  as  in  Figure  8. 19.  For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  chapter. 

pendants  in  the  peri  positions  (Fig.  8.20,  mid)  [81].  Iodine  also  interacts  attrac¬ 
tively  with  6-phenylselenyl-5-bromoacenaphthene  (Fig.  8.20,  right)  wherein  it 
forms  a  net  of  short  contacts.  As  expected,  the  shortest  interaction  is  the  1---Se  XB 
(Il---Sel  distance  2.956  A),  and  the  other  short  contacts  is  involved  in  are  a  type 
1  iodide- ■•iodine  interaction  (I2-"12'p^  ^  distance  3.473  A),  F--Br  XB 
(Il---Brl"|.^  ^  distance  3.657  A),  and  an  F--Se  chalcogen  bond  (I2-"Sel" 

^  distance  3.875  A). 

Consistent  with  the  greater  reactivity  of  tellurium,  relative  to  selenium  and  sulfur, 
and  its  tendency  to  preferentially  form  oxidative  addition  products,  see-saw  adducts, 
wherein  tellurium  is  inserted  in  an  iodine  molecule,  are  formed  when  diiodine  is 
reacted  with  6-phenyltellurylacenaphthene  derivatives  bearing  in  position  5  a  bro¬ 
mine,  phenylselenyl,  or  phenylsulfenyl  residue  [81]. 

Nevertheless,  in  five  structures  present  in  the  CSD,  tellurium  atoms  function  as 
XB  acceptors  for  molecular  iodine  and  the  I---Te  distances  are  rather  short  (26-30% 
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reduction  of  van  der  Waals  radii  of  the  interacting  elements)  [82].  Interestingly,  one 
structure  [83]  shows  an  XB-based  Te---I-I---Te  motif  (Fig.  8.21),  which  is  similar  to 
that  involving  N,  O,  or  S  atoms  as  an  XB  acceptor  (I---Te  distance  3.223  A,  20%  van 
der  Waals  radii  reduction),  and  tellurium  atoms  show  a  see-saw  geometry  as  an  aro¬ 
matic  residue  and  two  other  iodine  atoms  are  bound  to  tellurium. 

8.2. 5.3  n  Systems  as  XB  Acceptors 

Ij  can  form  halogen-bonded  and  solid  complexes  with  aromatic  systems  such  as 
benzene  and  toluene  or  their  derivatives.  These  adducts  are  similar  to  those  formed  in 
solution.  In  principle  any  systems  possessing  Jt  electrons  can  work  as  XB  acceptors 
toward  I^,  but  they  are  less  efficient  than  lone  pair-possessing  acceptors  due  to  the 
minor  localization  of  the  electron  density  in  jt  clouds  compared  to  lone  pairs. 

This  may  account  for  the  limited  number  of  CSD  structures  having  I^-'-jt  contacts 
that  satisfy  the  geometrical  requirements  of  halogen-bonded  complexes  [84]. 

In  1986  S.  Mitani  reported  [85]  a  crystal  structure  where  diiodine  is  halogen- 
bonded  to  coranene,  a  polyaromatic  formed  by  seven  rings  fused  together.  The  cora- 
nene  molecules  stacking  via  Jt-Jt  interactions  forms  columnar  domains,  which  are 
inclined  as  the  overlap  of  coranene  units  is  not  perfect  and  there  is  an  offset  of  46.5° 
between  two  adjacent  molecules  so  that  a  part  of  the  jt  system  is  free  to  attractively 
interact  with  the  a  hole  of  iodine.  The  diiodine  molecule  sits  quasi-orthogonal  to  one 
of  the  peripheral  carbon-carbon  bonds  of  the  polyaromatic  system;  the  shortest  I-”C 
distances  are  3.204  and  3.404  A.  The  I^-'-coranene  XB  contacts  form  a  corrugated 
chain  where  the  XB  donors  and  acceptors  alternate  and  adjacent  chains  are  connected 
by  HBs  between  the  negative  belt  of  any  iodine  atom  and  one  H  atom  of  a  nearby 
chain.  The  combined  effect  of  XBs,  HBs,  and  jt-jt  interactions  causes  a  net  segrega¬ 
tion  between  coranenes  and  I^  molecules  (Fig.  8.22). 

D.  R.  M.  Walton  and  coworkers  [86]  described  a  tricomponent  complex  where  I^, 
fullerene-CjQ,  and  toluene  are  present  in  a  1 : 1 : 1  ratio.  Iodine  acts  as  a  bidentate  XB 
donor  and  is  sandwiched  between  a  and  a  toluene  unit  (Fig.  8.23,  left),  which  are 
both  disordered.  One  iodine  atom  of  I^  is  halogen-bonded  to  a  surface  and  the 
other  to  toluene,  the  shortest  L-C  distances  being  close  to  3.1  A  in  both  cases. 


FIGURE  8.22  Diiodine-coranene  adduct.  Top  left:  one  diiodine  molecule,  the  two  quasi- 
orthogonal  coranene  molecules  bound  via  XB,  and  the  two  lateral  coranene  molecules  bound 
via  HB.  Bottom  left:  a  part  of  an  infinite  halogen-bonded  chain.  Right:  crystal  packing  show¬ 
ing  the  segregation  between  coranene  and  molecules. 
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FIGURE  8.23  Left:  ■I^  -  toluene  trimer.  Mid:  entrapped  in  the  molecular  cage,  XBs 

and  HBs  are  shown  as  black  dotted  lines.  Right:  Same  view  of  Mid  but  the  iodine  and  the  aro¬ 
matic  ring  are  represented  in  a  space-filling  model  to  show  the  tight  interaction  between  the 
two  fragments.  Color  code  as  in  Figure  8. 19.  For  interpretation  of  the  references  to  color  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  chapter. 


In  2012  Y.-C.  Homg  et  al.  reported  [87]  the  X-ray  structure  of  an  organic  molec¬ 
ular  container  that  was  able  to  trap  molecular  I^.  The  XB  acceptor  is  a  cylinder¬ 
shaped  dimer  formed  by  two  tripodal  trisulfide  precursors  connected  by  three 
dynamic  disulfide  bonds.  The  iodine  molecule  is  trapped  into  the  cavity  formed  by 
the  tripodal  trisulfide  capsule  and  is  located  perpendicular  to  the  benzene  ring  of  the 
aromatic  units  (-^i  Centroid  n  89°).  encapsulation  can  occur  both  in  solution  and  in 
solid-gas  reaction  and  is  driven  by  a  cooperative  effect  of  XB  (between  its  c  hole  and 
the  aromatic  it  systems)  and  HBs  (between  the  negative  belt  of  and  NH  groups). 
The  distance  for  the  I"-benzene  ring  centroid  XB  is  3.128  A,  while  the  H---!  contact 
is  3.124  A  (Fig.  8.23,  mid  and  right). 

8.2.5. 4  XB  Acceptors  from  thelJth  Group 

The  use  of  anionic  electron  donors  in  XB -directed  crystal  engineering  has  received 
less  attention  than  neutral  electron  donors.  However,  in  two  recent  review  papers 
[25],  [35]  we  have  shown  the  reliability  and  potential  of  anionic  XB  acceptors  when 
the  construction  of  new  supramolecular  assemblies  with  specific  properties  is  pur¬ 
sued.  The  general  ability  of  anions  to  work  as  effective  XB  acceptors  is  indicated  by 
the  diversity  of  the  reported  systems  and  the  variety  of  associated  functions,  for 
example,  transmembrane  anion  transport  and  organocatalysis  [88]. 

While  oxygen-  and  sulfur-centered  anions  can  also  function  as  XB  acceptors, 
halide  anions  form  a  particularly  numerous  and  diversified  set  of  X-bonded  supramo¬ 
lecular  anions.  It  seems  they  are  nicely  tailored  to  function  as  XB  acceptors  as  they 
succeed  in  interacting  with  XB  donors  as  weak  as  iodomethane  and  other  haloal- 
kanes  with  no  electron- withdrawing  groups  close  to  the  electrophilic  halogen  [89]. 
These  X-bonded  adducts  are  particularly  significant  as  they  prove  that  haloalkanes 
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with  a  weak  c  hole  can  also  function  as  XB  donors  if  challenged  by  particularly  good 
acceptors. 

As  discussed  earlier,  1^“  can  be  understood  as  the  1 : 1  halogen-bonded  adduct  bet¬ 
ween  and  1“  and  is  the  simplest  and  best  known  halogen-bonded  adduct.  Diiodine 
forms  many  other  polyiodides  and  mixed  polyhalides  with  halide  anions,  and  they 
have  been  discussed  in  a  recent  review  published  by  P.  H.  Svensson  et  al.  [41] 
They  show  quite  different  stoichiometries  and  geometries  [90],  and  many  of  them 
correspond  to  those  expected  for  halogen-bonded  systems.  In  this  section  we  focus 
on  structures  where  the  “X-'-I-I-'-X"  unit  is  present  (X  =  Cl,  Br,  and  I)  either  as  a 
discrete  motif  or  as  the  component  of  more  extended  systems  [91]. 

The  halogen-bonded  motif  is  formed  when  two  iodide  anions  attrac¬ 

tively  interact  with  the  iodine  cr-holes,  which  are  on  the  extension  of  the  I-I  bond. 
The  mean  length  of  the  contacts  in  these  motifs  is  3.40  A  (18%  reduction  of  van 
der  Waals  radii)  and,  consistent  with  the  XB  character,  the  unit  linearly  bridges  two 
iodide  anions  (the  mean  value  for  the  angle  being  quite  close  to  180°). 

In  most  of  the  CSD  structures  a  symmetric,  halogen-bonded,  supramolecular 
anion  is  present  and  the  two  distances  are  identical  as  the  “I-'-I-T-T”  motif  is  on 
a  crystallography  symmetry  element.  When  this  is  not  the  case,  the  two  interaction 
distances  are  different.  The  hexane- 1,6-diaminium  diiodide---iodine  adduct  (CSD 
code:  UJOMAI)  is  a  nonsymmetric  adduct  (Reiss,  G.J.,  Private  Communication, 
2010)  where  the  two  distances  are  3.338  and  3.425  A  (20  and  17%  van  der 
Waals  radii  reduction).  The  difference  in  the  interaction  length  can  be  understood  in 
terms  of  a  two  step  process  for  the  formation  of  the  species  where  the  first  1“ 
enters  the  positive  a  hole  of  and  forms  a  strong  and  short  XB.  Electrostatic  inter¬ 
actions  pin  the  second  1“  close  to  the  formed  and  a  weak  and  long  XB  develops 
with  the  (T  hole  of  the  triiodide  anion. 

In  some  crystal  packings  the  structural  unit  gives  rise  to  more  extended  poly¬ 
iodides  consistent  with  the  general  ability  of  an  iodide  anion  to  function  as  a  poly- 
dentate  XB  acceptor.  The  stoichiometry  and  the  structure  of  the  formed  polyiodide 
are  the  result  of  a  subtle  balance  of  several  factors,  among  others  the  steric  and 
electronic  features  of  the  anion  and  the  anion  neighborhood  (e.g.,  the  cation)  [92],  the 
stoichiometry  of  the  reaction,  and  the  conditions  of  crystal  formation  (e.g.  the 
solvent(s)  and  its(their)  polarity)  [93].  A  discrete  [94]  I^^“  is  reported  in  Fig.  8.24 
along  with  honeycomb  [95]  and  cubic  [96]  systems  wherein  the  iodides  of  the  I^^“  are 
halogen-bonded  to  two  and  five  other  I^  molecules,  respectively. 

The  design  and  obtainment  of  polyiodides  with  a  preestablished  composition 
and  crystalline  structure  is  a  challenging  target,  and  the  obtainment  of  the  rare  and 
poorly  stable  “I---I-I---P  dianion  as  a  discrete  species  is  particularly  difficult  [97]. 
In  2010  we  reported  that  when  the  diiodide  salt  of  the  l,6-bis(trimethylammonium) 
hexane  cation  (hexamethonium,  HMET^^,  cation)  reacts  with  one  equivalent  of  I^, 
a  salt  containing  the  discrete  “I---I-I”-I“  is  produced  [47].  Formation  of  the  halo- 
gen-bonded  [I^]^“  dianion  is  favored  both  by  size  matching  of  the  interacting 
charged  moieties  (the  N^-N^  and  I”---!"  separations  in  XB  cocrystal  are  8.9  and  9.7 
A,  respectively)  and  by  a  network  of  C-H--T“  HBs,  which  drive  an  effective  dimen¬ 
sional  encapsulation  of  molecular  iodine.  The  complex  is  formed  both  from  solution 
and  from  gas-solid  reaction,  demonstrating  the  dynamically  porous  character  of 
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FIGURE  8.24  Top  left:  two  discrete  "I--T-I--T"  dianions  present  in  the  crystal  of  the  1-methyl 
pyrazin-l-ium  iodide-'T^  adduct.  Color  code  as  in  Figure  8.7.  The  honeycomb  (bottom  left) 
and  cubic  (right)  nets  formed  when  two  and  five  iodine  molecules  (dark  gray  or  pink  in  on  line 
version)  are  halogen-bonded  to  either  endings  of  the  “T-T-T-T"  unit  (light  gray  or  pink  in  on 
line  version).  In  the  two  latter  structures,  cations  have  been  omitted  for  clarity.  XBs  are  shown 
as  black  dotted  lines.  For  interpretation  of  the  references  to  color  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  chapter. 


a  b  c 

XI  Br  Cl 


SCHEME  8.2  Synthesis  of  tetrahalide  dianions  via  thermally  induced  deiodination  reactions 
of  the  bis-I-F--X“-adducts  and  other  interconversion  reactions  involving  hexamethonium  halides. 
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bis[Br  -I-I]- 


bis[Cl-  1-1]“ 


“BrE  I-r  Br“ 


FIGURE  8.25  Ball-and-stick  partial  representation  of  a  column  of  [Br  and  [ClI^]"  dimers 
and  hydrogen-bonded  HMET^"^  cations  (left)  that  form  (upon  heating  and  release  of  only  one 
Ij  molecule)  the  poorly  stable  [Br^IJ^"  and  [Cljl^]^"  dianions  (right),  which  are  also  hydrogen- 
bonded  to  HMET^"^  cations. 

bis(tritnethylatntnonium)alkane  diiodide  salts.  On  reaction  with  two  equivalents  of 
Ij,  hexamethonium  chloride,  and  bromide  afford  the  corresponding  mixed  tri¬ 
halides  HMET^^'2Xl2"  (X  =  Cl”,  Br”),  which  undergo  thermally  induced  crystal-to- 
crystal  elimination  of  one  molecule,  and  the  virtually  unknown  tetrahalides 
[Cljlj]^”  and  [Br^Ij]^”  are  obtained  in  quantitative  yields  (Scheme  8.2)  [98]. 
Similarly,  slow  heating  of  HMET^^-2Ij”  affords  HMET^’^-[I^]^”  via  elimination  of 
one  molecule.  In  the  three  tetrahalide  dianions,  the  halide  anions  Cl”,  Br”,  and 
I”  double-pin  a  single  molecule  via  short  XBs  and  afford  the  tetrahalide  units, 
which  are  selectively  encaged  by  the  HMET^^  dications  as  a  consequence  of  size 
matching  of  the  components  and  a  network  of  cooperative  HBs.  The  starting  units 
in  the  H]VIET^’^-2Xl2”  trihalides  are  preorganized  to  respond  dynamically  to  heating 
and  represent  a  functional  structure  that  promotes  the  formation  of  the  poorly 
stable  tetrahalide  species. 

Eor  instance,  when  microcrystalline  hexamethonium  bis-diiodobromide  and  bis- 
diiodochloride  are  slowly  heated,  new  crystalline  solids  appear  at  ca.lOO°C,  and  the 
reactions  are  complete  at  ca.l60°C.  The  new  solids  are  stable  at  room  temperature 
and  in  contact  with  air  for  over  1  week.  Elemental  analyses  confirm  that  only  one 
molecule  is  released,  and  structure  solution  from  powder  X-ray  diffraction  analyses 
proves  that  the  [Br^I^]^”  and  [Cl^Ij]^”  tetrahalide  anions  are  present  as  discrete  species 
(Eig.  8.25).  In  all  cases,  the  lighter  halogen  atoms  occupy  the  outer  positions  of  the 
dianions  and  hold  the  I^  molecules  at  each  end  through  short  and  linear  I-T-X”  (X  = 
Br,  Cl)  XBs. 

The  I-I'"X”  distances  are  3.398  and  3.171  A  (-15%  reduction  in  the  sum  of  van 
der  Waals  radius  of  iodine  and  the  Pauling  ionic  radius  of  the  halide  anion),  and  the 
I-I'"X”  angles  are  177.2°  and  175.7  in  [Br^I^]^”  and  [Cl^I^]^”,  respectively.  Cation  and 
anion  size  matching  is  quite  good,  and  the  N^-N’^  and  Br”"'Br”  separations  are  8.74 
and  9.481  A,  respectively.  As  expected,  the  mixed  tetrahalides  [I^X^]^”  are  held  in 
place  by  a  network  of  X'--H-C  HBs. 
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SUMMARY 

Bernard  Courtois  (1777-1838)  serendipitously  discovered  iodine  in  Paris  while 
reacting  varec  (ashes  of  seaweed)  with  sulfuric  acid.  He  was  using  varec  as  a  source 
of  potash  (potassium  carbonate),  necessary  in  the  manufacture  of  saltpeter  (potassium 
nitrate)  used  in  gunpowder. 


9.1  HISTORY  OF  SALTPETER 

The  seventh-century  Taoist  alchemists  in  western  China  stumbled  upon  a  concoction  of 
honey,  sulfur,  and  saltpeter  that  caused  smoke,  fire,  sparks,  and  thunder — called  huo 
yao,  or  “fire  drug” — thought  to  be  the  elixir  of  life  [1].  We  know  the  incendiary  mixture 
today  as  gunpowder  [2].  By  the  mid- 1200s  the  Chinese  discovery  had  spread  to  the 
Western  world  [1].  Roger  Bacon  (1214-1294)  of  Oxford  recognized  it  as  a  mixture  of 
“saltpeter,  sulfur,  and  charcoal”  (preferably  of  hazelwood),  with  the  saltpeter  in  excess 
[2].  The  Battle  of  Crecy  in  northern  France  in  1346  at  the  beginning  of  the  Hundred 
Years’  War  may  be  marked  as  the  formal  introduction  of  gunpowder  on  the  battlefield 
as  “gonnes”  were  used  beside  the  famous  longbowmen  [1].  In  an  attempt  to  understand 
the  nature  of  gunpowder,  Robert  Boyle  (1627-1691)  studied  gunpowder  in  vacuum, 
generated  by  pumps  originally  used  in  his  gas  law  experiments.  Boyle  was  puzzled  by 
the  behavior  of  gunpowder,  which  combusted  in  an  evacuated  jar  just  as  it  did  in  the 
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open  atmosphere,  when  heated  by  the  sun’s  rays  concentrated  by  a  magnifying  glass 
[1],  Boyle  did  not  understand  that  saltpeter  (known  today  to  be  KNOj)  contained  its 
own  “air.”  Carl  Wilhelm  Scheele  (1742-1786)  got  his  first  hint  of  the  nature  of  this 
supporter  of  combustion  when  he  observed  sparks  as  saltpeter  was  heated  with  oil,  and 
he  went  on  to  discover  oxygen  [3b].  Today  we  understand  the  basic  reaction  of  gun¬ 
powder  to  be  2  KNO3  H-  3  C  -H  S  ^  K^S  H-  -F  3  CO^.  The  evolved  gases  expand  and  serve 
as  the  propellant  in  rockets  and  guns  [1].  Saltpeter  (meaning  “salt-rock”)  is  the  most  sol¬ 
uble  of  the  nitrates  and  wicks  up  rapidly  in  soil;  it  was  first  observed  in  China  where  a 
climate  of  alternatively  cold/hot  wet/dry  climates  allowed  it  to  form  on  soil  surfaces 
[1].  In  Medieval  Europe  on  stable  and  bam  stone  walls,  saltpeter  grew  in  the  form  of 
“blooms”  resembling  cotton  tufts.  Recent  analyses  show  such  growths  of  saltpeter  are 
surprisingly  pure,  often  greater  than  95%  KNO^  [4].  Saltpeter  diggers — Salpetergraber 
in  Germany  or  Salpetrier  in  French  (Bretcher  U.  Personal  Communication.  Consulting 
Engineer,  Kuster  and  Hager,  Uznach) — soon  learned  to  excavate  soil  about  stables, 
pigeon  cotes,  manure  piles,  or  barnyards  to  collect  the  saltpeter  therein.  As  the  demand 
for  saltpeter  increased,  the  saltpeter  plantation/refinery  was  born,  called  the  nitrary 
(Nitriere  in  French,  Nitriary  in  German)  (Bretcher  U.  Personal  Communication. 
Consulting  Engineer,  Kuster  and  Hager,  Uznach)  (Fig.  9.1).  The  manager  of  a  nitrary 
would  lay  down  a  stratum  of  lime  and  cover  it  with  manure,  garbage,  corpses,  and  any 
other  organic  material,  including  a  periodic  dowsing  with  the  urine  of  “drinkers  of  wine 
or  strong  beer”  [1].  The  major  qualification  of  a  nitrary  manager  was  his  ability  to  tol¬ 
erate  the  incredible  stench  of  his  enterprise.  After  a  few  months  the  saltpeter  diggers 
unearthed  copious  amounts  of  saltpeter-rich  soil.  An  aqueous  washing  of  the  soil  was 
reacted  with  ashes,  filtered,  concentrated  by  boiling,  and  cooled  to  produce  white  crys¬ 
tals  of  saltpeter  (Fig.  9.2).  Today  we  understand  the  chemistry  of  the  process.  Ammonia 
released  from  organic  material  is  oxidized  to  nitrates.  The  lime  (CaO)  keeps  the  pH  7-8 
required  by  the  nitrifying  bacteria.  The  product,  calcium  nitrate  (“lime  saltpeter”),  is 
useless  because  it  is  hygroscopic,  and  the  resulting  gunpowder  absorbs  moisture. 
Hence,  the  calcium  nitrate  is  reacted  with  ashes  (potash;  potassium  carbonate)  to  pre¬ 
cipitate  the  calcium  salts  and  leave  a  potassium  nitrate  solution:  Ca(N03)2  (aq)  +  K^COj 
(aq)^CaC03  (s)-t-2KN03  (aq)  (Bretcher  U.  Personal  Communication.  Consulting 
Engineer,  Kuster  and  Hager,  Uznach)  [4].  During  the  1600s  Great  Britain  found  a 
cheap  source  of  saltpeter — the  East  India  Company  could  allow  import  of  the  com¬ 
modity  from  India  at  one-quarter  of  the  domestic  cost  [1].'  France  continued  to  produce 
its  saltpeter  from  its  home  nitraries  and  itinerant  saltpeter  gatherers  but  by  necessity 
had  to  purchase  some  of  its  supply  from  Holland  at  an  exorbitant  price.  Louis  XVI 
(1752-1793)  established  the  Gunpowder  Administration  in  1775,  and  as  manager  he 
appointed  Antoin-Laurent  Lavoisier  (1743-1794),  who  promptly  increased  saltpeter 
production  and  improved  the  gunpowder  manufacture  process  [3a].  This  self- 
sufficiency  would  be  vital  when  Great  Britain  blockaded  France  during  the  French 
Revolutionary  Wars  (1792-1802)  and  the  Napoleonic  Wars  (1803-1815). 

'Later,  when  Indian  saltpeter  became  excessively  expensive,  Chilean  saltpeter  could  be  exploited. 
However,  this  South  American  commodity  is  mainly  sodium  nitrate,  which  is  inferior  because  it  is  hygro¬ 
scopic  [1],  Bird  and  bat  guano  have  also  been  rich  sources  of  ammonia.  With  the  development  of  the  Haber 
process  (the  combination  of  nitrogen  and  hydrogen  gas  to  form  ammonia  by  Fritz  Haber  1868-1934)  in 
1913  [8c],  there  was  no  further  need  for  organic  sources  of  ammonia  for  the  munitions  industry. 
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FIGURE  9.1  Saltpeter  works  as  shown  in  a  1598  woodcut  [10].  The  rows  of  hills  (C)  were 
filled  with  manure,  garbage,  soil,  blood,  ash,  and  lime  and  were  periodically  soaked  with 
urine.  The  nitrogenous  compounds  released  ammonia,  which  were  oxidized  to  nitrates.  After 
a  year  or  so  the  “ripened”  saltpeter  beds  were  processed  in  the  “refinery,”  the  work  shed 
(B)  (see  Fig.  9.2).  The  bucket  (A)  collected  rainwater.  A  cord  of  wood  (D)  was  used  as  fuel  for 
the  hearths  in  the  shed.  A  saltpeter  digger  (E)  would  remove  soil  “ripe”  for  processing. 


9.2  COURTOIS  IN  DIJON 

Bernard  Courtois  was  born  in  Dijon,  France,  the  son  of  the  wine  merchant  Jean- 
Baptise  Courtois  (1748-ca.  1807).  The  Courtois  home  was  directly  across  the  street 
from  the  Academie  de  Dijon  (Fig.  9.3),  where  the  father  won  the  position  of  chemistry 
demonstrator,  hired  hy  Louis-Bernard  Guyton  de  Morveau  (1737-1816),  a  lawyer  and 
chemist  who  founded  the  chemistry  department  at  Dijon  Academy  [5].  Guyton  de 
Morveau  is  well-known  as  one  of  the  authors  of  the  modern  system  of  chemical 
nomenclature  in  1787  (the  others  being  Lavoisier  [3a],  Claude-Louis  Berthollet 
(1748-1822)  [3c],  andAntoineFourcroy  (1755-1809))  [5].  In  1780  Jean-Baptiste  was 
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FIGURE  9.2  The  refining  of  saltpeter  in  the  shed  (1556)  [11].  The  “ripened”  soil  was 
leached  in  vat  (B);  the  filtered  solution  was  drained  through  a  plug  (C)  into  a  collection  vat  (D). 
This  filtrate  was  concentrated  on  a  hearth  (A),  then  poured  into  crystallization  buckets  (E)  with 
inserted  copper  sticks  on  which  saltpeter  crystallized  as  the  solution  cooled. 


also  assigned  manager  of  the  new  Saint  Medard  Nitrary  in  Dijon  (1.7  km  east,  on  the 
outskirts  of  town)  (Fig.  9.4),  one  of  the  government- sponsored  plantations  established 
to  cope  with  the  saltpeter  shortage  [5].  As  a  boy  the  precocious  Bernard  Courtois 
absorbed  considerable  chemical  knowledge  and  laboratory  experience  at  the  Academie 
laboratory  and  at  the  nitrary. 


9.3  COURTOIS  IN  PARIS 

In  1798  Bernard  Courtois  became  a  laboratory  assistant  at  the  Ecole  Polytechnique, 
arranged  by  Morveau  who  had  moved  to  Paris  in  1791  to  become  a  member  of  the 
Legislative  Assembly  and  also  a  professor  at  I’Ecole  Polytechnique  [5].  At  this 
time  the  Ecole  Polytechnique  was  located  in  the  Palais  Bourbon,  directly  across  the 
Seine  from  the  Place  de  la  Revolution,  today  la  Place  de  la  Concorde,  where 


FIGURE  9.3  Southward  view  on  Rue  Monge  in  Dijon,  France  (N47°  19.12  E05°  02.02). 
The  Academie  de  Dijon  is  to  the  left  (51  Rue  Monge);  Courtois’  home  (where  Bernard 
Courtois  was  born,  78  Rue  Monge)  is  the  building  with  two  chimneys  on  the  right  side,  50m 
away,  immediately  this  side  of  the  half-timbered  house.  The  Academie  was  founded  in  1725 
and  moved  to  this  Rue  Monge  location  in  1772.  (At  this  time,  the  street  was  called  Rue 
Pontemant.)  Dijon  is  250km  southeast  of  Paris. 


FIGURE  9.4  This  is  what  remains  of  the  largest  and  oldest  (1582)  plantation/refineiy  in 
Dijon — the  Raffinerie  des  argentieres  (N  47°  19.01  E  05°  03.25),  formerly  in  the  country,  but 
now  a  residential  neighborhood  with  no  hint  of  the  original  nitrary.  In  the  early  1 800s  there  were 
several  nitraries  in  every  city.  Saint  Medard  (which  Jean-Baptiste  Courtois  owned)  was  600  m 
north  (N  47°  19.33  E  05°  03.36).  Inset:  Street  sign  expanded,  “Street  of  the  [saltpeter]  refinery.” 
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FIGURE  9.5  This  is  the  view  northward  on  Rue  Saint-Ambroise  in  northeast  Paris  (N  48° 
5 1 .76  E  02°  22.70).  The  home  and  saltpetriere  of  Bernard  Courtois  where  he  discovered  iodine 
was  on  the  left;  the  present  address  is  31  Saint-Ambroise  (old  address  9),  now  the  site  of 
modern  apartments.  The  plantation  measured  roughly  1 00  x  100m. 


Lavoisier  was  guillotined  in  1794  [3a].  At  I’Ecole  Polytechnique,  Bernard  Courtois 
worked  with  Fourcroy  and  Thenard  (the  discoverer  of  hydrogen  peroxide, 
1777-1857),  then  with  Armand  Seguin  (1767-1835)  [6].  Seguin  is  perhaps  best 
known  for  serving  as  the  human  guinea  pig  for  Lavoisier’s  respiration  studies;  clas¬ 
sic  drawings  by  Mme.  Lavoisier  show  him  with  the  “gas  masks”  in  Lavoisier’s 
laboratory  at  la  Petit  Arsenal  [3a].  In  Seguin’s  laboratory  Bernard  worked  with 
opium  compounds  and  apparently  isolated  morphine,  although  this  was  not  for¬ 
mally  acknowledged  [5].  Seguin  delayed  publication  and  was  scooped  in  1804  by 
Friedrich  Wilhelm  Adam  Sertiirner  (1783-1841)  of  Paderborn,  Germany,  who  gave 
the  drug  its  modern  name  [5]. 

In  1804  Bernard  terminated  his  studies  at  I’EcoIe  Polytechnique,  which  was 
becoming  militarized  upon  Napoleon’s  edict  and  was  moved  to  its  new  site  near  the 
Pantheon  [6].  Bernard  now  assisted  his  father,  who  had  moved  to  Paris  in  1802  to  set 
up  a  nitrary  and  had  settled  on  Rue  Saint  Marguerite  (today  Rue  Trousseau)  [5], 
about  1  km  northeast  of  the  Seine  on  the  outskirts  of  town.  Six  years  later  Bernard 
assumed  ownership  of  his  own  nitrary,  another  kilometer  north  on  Rue  Saint-Ambroise 
(Fig.  9.5),  where  he  remained  till  1810-1821  [5].  It  was  here  that  he  discovered 
iodine. 
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9.4  DISCOVERY  OF  IODINE 

Potash  was  scarce  because  of  the  Napoleonic  Wars  (1803-1815),  and  Bernard 
Courtois  had  resorted  to  varec  imported  from  the  Brittany  and  Normandy  seacoasts 
[5].  One  day  in  late  1811  while  cleaning  pots  he  accidentally  discovered  that  concen¬ 
trated  sulfuric  acid  reacted  with  varec  in  an  exothermic  reaction  to  yield  a  violet 
cloud  that  condensed  on  a  cold  metallic  or  ceramic  surface  in  the  form  of  crystals 
with  the  color  and  luster  of  graphite  [7a].  Courtois  performed  some  research  on  the 
crystals,  and  discovered  a  fulminating  powder  when  he  reacted  the  dark  crystals  with 
ammonia — he  had  produced  nitrogen  triiodide  [[5],  7a].  Not  being  a  regular  member 
of  the  scientific  establishment,  he  could  not  immediately  publish  his  findings.  In  May 
1812  he  shared  his  experiences  with  his  colleagues  Nicolas  Clement  (1779-1842) 
and  Charles  Bernard  Desormes  (1771-1862),  two  scientists  from  Dijon  who  had 
studied  at  I’Ecole  Polytechnique  when  Bernard  was  there.  Unfortunately,  they  were 
slow  in  their  analysis  of  the  new  substance  and  did  not  report  it  to  the  Academie  for 
18  months. 

Sir  Humphry  Davy  (1778-1829)  of  London  embarked  on  a  2-year  scientific  tour 
of  Europe  in  1813,  and  because  of  his  fame  Napoleon  granted  him  special  permis¬ 
sion  to  travel  through  France.  While  in  Paris  (October  15-December  23,  1813) 
Davy  was  given  a  sample  of  Courtois’  “substance  nouvelle,’’  which  he  analyzed 
using  the  traveling  laboratory  chest  he  carried  on  all  his  journeys  [6].  Joseph  Louis 
Gay-Lussac  (1778-1850),  a  member  of  the  elite  Societe  d’Arcueil  [7b]  who  had 
formulated  the  law  of  combining  volumes  [7b],  was  motivated  by  this  British 
intruder  to  initiate  his  own  research.  In  a  few  weeks  the  two  scientists  had  con¬ 
ducted  detailed  independent  studies  on  this  substance,  which  had  previously  been 
shelved  for  IV2  years. 

In  December  1813  there  appeared  [7]  in  Annales  de  Chimie  (the  prestigious  journal 
of  the  Academie  des  Sciences)  several  back-to-back  papers  on  “une  substance  nouvelle 
dans  le  Vareck”  (a  new  substance  from  varec),  which  was  called  “I’iode”  from  the 
Greek  word  for  “violet.”  These  articles  were  authored  by  Courtois  [7a],  Gay-Lussac 
[7b],  and  Davy  [7c]  (Courtois’  paper  was  read  by  Clement,  since  Courtois  was  not  a 
member  of  the  Academie;  he  was  identified  only  as  a  lowly  “salpetrier  from  Paris” 
[7a]).  Reflecting  tensions  between  France  and  Great  Britain,  the  (London)  Royal 
Society  delighted  in  noting  (January  20,  1814)  that  [8b]  “iodine  was  discovered  about 
two  years  ago;  but  such  is  the  deplorable  state  of  scientific  men  in  France,  that  no 
account  of  it  was  published  till  the  arrival  of  our  English  philosopher  there”  [5]. 

One  who  reads  these  December  papers  of  Annales  de  Chimie  [7]  can  begin  to  appre¬ 
ciate  the  fascination  and  confusion  of  the  chemists  as  they  tried  to  comprehend  this 
“substance  nouvelle” — this  was  half  a  century  before  the  periodic  table  and  the  concept 
of  chemical  families.  Iodine  was  difficult  to  categorize:  It  was  very  strange  because  it 
had  the  physical  appearance  and  the  heavy  weight  of  a  metal,  but  it  dissolved  in  ether 
[7a].  It  behaved  like  oxygen  or  chlorine  because  it  reacted  with  metals  [7b,  7c].  In  fact, 
because  of  its  odor  [7a],  iodine  was  originally  thought  to  contain  chlorine  [7b]. 
However,  it  was  found  to  react  with  hydrogen  gas  to  form  not  hydrochloric  acid  but  a 
new  acid  (hydroiodic  acid)  [7b,  7c],  proven  by  its  reaction  with  lead  and  silver  nitrate 
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FIGURE  9.6  This  photograph  viewing  northward  on  Rue  Monge  was  taken  on  the  100th 
anniversary  of  the  discovery  of  iodine  (November  9,  1911)  [5].  The  Academy  is  to  the  right; 
the  crowd  is  facing  left  toward  the  home  of  Courtois,  where  a  plaque  is  being  mounted. 


EST  Nt  LE  8  rtVriiER  t777 
t  E3  PHaRYACIEN  BERN  ARP  COuR'^O'J 
I  COT  DicCUVBI-"-  -aIODE. 
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FIGURE  9.7  Plaque  on  the  Courtois  home.  Translation:  “In  this  house  was  bom  on  8 
Febmary  1777  the  pharmacist  Bernard  Courtois  who  discovered  iodine  in  1811.” 
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to  form  unknown  yellow  salts  (instead  of  white)  [7a].  Ultimately,  it  was  decided  that  it 
must  he  a  “corp  nouveau”  (a  “new  body”)  [7c]  because  it  could  not  be  broken  down 
chemically,  even  in  the  presence  of  red-hot  carbon. 

In  these  December  papers  and  others  that  followed  [8b],  vigorous  competition 
between  Gay-Lussac  and  Davy  developed  into  bitter  contention  about  who  should  be 
credited  with  what.  Duplicate  claims  were  published,  even  with  regard  to  who  named 
the  new  element.  Gay-Lussac  said  he  should  be  credited  for  naming  it  “I’iode.” 
However,  Davy  maintained  the  correct  name  was  iodine,  in  analogy  to  chlorine, 
which  he  had  named  in  1 8 1 0  when  he  recognized  its  elemental  nature  [8a] .  Previously, 
chlorine  had  been  called  “oxymuriatic  acid,”  believed  to  be  a  compound  of  HCl  and 
oxygen  [8b].  Fortunately,  in  spite  of  heated  arguments  about  proper  recognition,  it 
was  agreed  that  Courtois,  who  could  easily  have  been  lost  in  the  shuffle,  should  be 
given  credit  for  the  initial  discovery  [7b,  7c]. 

In  1815  the  Napoleonic  Wars  were  over,  and  cheap  Indian  saltpeter  became  avail¬ 
able  [1].  Courtois  turned  his  total  attention  to  iodine  and  with  the  help  of  Clement 
and  Desormes  developed  methods  for  extracting  iodine  from  seaweed  in  quantity  [5]. 
By  1820  the  medicinal  properties  of  iodine  had  become  known  and  Courtois  became 
a  commercial  manufacturer.  In  1831  he  was  awarded  the  Montyon  Prize  by 
I’Academie  for  his  contributions  to  medical  science,  but  he  never  benefited  finan¬ 
cially  from  his  discovery  and  died  penniless  [5]. 

On  November  9,  1913,  the  scientific  community  commemorated  in  Dijon  the  100th 
anniversary  of  the  discovery  of  iodine  by  holding  a  banquet  at  the  Dijon  Academie  and 
mounting  a  plaque  on  the  old  Rue  Monge  house  (Figs.  9.6  and  9.7)  [9].  No  bust  or  por¬ 
trait  was  prepared  for  the  celebration,  because  no  likeness  of  Courtois  was  known  [9], 
just  as  for  Smithson  Tennant  (the  discoverer  of  osmium  and  iridium)  [3d].^ 


^Careful  research  by  Erench  historians,  including  detailed  interviews  with  descendants,  has  verified  that 
no  drawing,  painting,  or  other  likeness  of  Bernard  Courtois  has  survived  [9]. 
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PRODUCTION  PROCESS  IN  THE  PAST 


Tatsuo  Kaiho 

Nihon  Tennen  Gas  Co.,  Ltd.,  Chiba,  Japan 


Iodine  has  been  produced  from  seaweed  in  France,  Ireland,  Scotland,  Norway,  the 
U.S.S.R.,  and  Japan.  Seaweed  was  a  major  source  of  iodine  for  the  world  before  1959 
and  still  remains  a  resource  for  this  purpose  in  China  [1]. 

The  modern  seaweed-based  chemical  industry  started  with  the  extraction  of  basic 
industrial  chemicals  such  as  soda  (sodium  carbonate),  potash  (a  mixture  of  potassium 
salts,  mostly  potassium  carbonate),  and  iodine.  The  soda  and  potash  were  used  in 
making  glass,  pottery,  and  soap  and  for  leather  tanning.  Potash  was  also  important  as 
an  agricultural  fertilizer.  This  industry  developed  in  Normandy  and  Brittany  in  the 
late  seventeenth  century.  Kelp  production  spread  during  the  eighteenth  century  from 
Normandy  and  Brittany  to  the  Channel  Islands,  to  the  Western  Isles  and  the  Orkneys 
of  Scotland,  to  Ireland,  Norway,  and  Sweden  [2]. 

The  seaweeds  were  dried  on  dunes  and  burned  in  pits  or  kilns  to  produce  the  ash 
called  kelp.  Seaweed  kilns  are  trenches  dug  in  the  ground,  between  5  and  10m  long 
and  completely  lined  with  flat  stones,  fixed  together  with  clay.  There  are  still  plenty 
of  seaweed  kilns  to  be  seen  today  along  the  coast  of  Roscoff,  Pouldreuzic,  and 
Plozevet  in  France  (Fig.  10.1). 

The  seaweed  is  burnt  in  stone  kilns,  with  care  being  taken  to  avoid  reaching  too 
high  a  temperature  for  if  the  ash  is  allowed  to  fuse,  much  iodine  would  be  lost  by 
volatilization.  The  product  obtained  after  burning  is  known  either  as  kelp  or  as  varec. 
The  kelp  obtained  by  any  of  these  methods  is  then  lixiviated  with  water,  which 
extracts  the  soluble  salts,  and  the  liquid  is  concentrated,  when  the  less  soluble  salts, 
which  are  chiefly  alkaline  chlorides,  sulfates,  and  carbonates,  crystallize  out  and  can 
be  removed  (Table  10.1).  Sulfuric  acid  is  now  added  to  the  liquid,  and  any  alkaline 
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FIGURE  10.1  Remains  of  a  seaweed  kiln  on  the  coast  in  Brittany. 


TABLE  10.1  Major  product  yield  from  destructive  distillation  of 
macrocystis 


Characteristics 

Percentage 

Characteristics 

Percentage 

Wet  weight 

100 

Tar 

2.1 

Dry  weight 

12 

Potash  salts 

3.0 

Gas 

2.3 

Charcoal 

1.2 

Ammonia 

3.3 

Iodine 

0.01 

sulfides  and  sulfites  present  are  decomposed,  while  iodides  and  bromides  are  con¬ 
verted  into  sulfates,  and  hydroiodic  and  hydrobromic  acids  are  liberated  and  remain 
dissolved  in  the  solution.  The  liquid  is  run  into  the  iodine  and  gently  warmed,  with 
manganese  dioxide  in  small  quantities  being  added  from  time  to  time,  when  the 
iodine  distills  over  and  is  collected  (Fig.  10.2).  Commercial  iodine  may  be  purified 
by  mixing  it  with  a  little  potassium  iodide  and  then  subliming  the  mixture;  this 
removes  any  traces  of  bromine  or  chlorine  [3,  4]. 
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FIGURE  10.2  The  monument  of  iodine  discovery  and  buildings  of  the  old  iodine  factory  in 
Poulconq. 


TABLE  10.2  Process  of  iodine  production  in  the  past 


Method 

Method 

Reaction 

References 

Ash 

Kelp  burning 

2NaI  +  SH^SO^  +  MnO^  ^  +  2NaHS04 
+  MnS0,  +  2H20 

2NaI  +  Cl2^2NaCl  +  l2 

Precipitation 

Copper 

2NaI  +  2CuSO,  +  2FeSO,  ^  2CuI  +  Na,SO, 

4  4  2  4 

+  Fe,(SO;3 

2CuI  +  03^2CuO  +  l3 

[6,  7] 

Silver 

Nal  +  AgNOj  ^  Agl  +  NaNO, 

2AgI  +  Fe  Felj  +  2  Ag 

2Fel2  +  3Cl2^2FeCl3  +  2l2 

[5] 

Adsorption 

Activated  C 

2NaI  +  2NaNOj  +  2H3SO^  ^  -H  2NO  +  inp 
+  2Na3SO, 

[8] 

Starch 

2NaI  +NaC10  +  H^SO^  ^  +  NaCl  +  Na^SO^ 

+  H3O 

[9] 

While  iodine  production  at  present  mainly  employs  two  processes — the  air-blowout 
method  and  the  ion-exchange  resin  method  [1] — four  other  iodine  recovery  processes 
were  used  in  the  past,  as  shown  in  Table  10.2.  Generally,  they  can  be  divided  into  two 
categories,  viz.  the  precipitation  method  and  the  adsorption  method. 

In  the  first  process,  impurities,  such  as  clay,  sand,  and  oil,  are  removed  by  filtra¬ 
tion  from  brine,  and  the  solution  is  passed  through  a  stream  of  sulfur  dioxide  and 
then  through  a  number  of  containers  holding  bundles  of  copper  wire.  Passing  the 
solution  over  bales  of  copper  wire  precipitates  insoluble  cuprous  iodides.  At  inter¬ 
vals,  the  bales  are  agitated  with  water  to  separate  the  adhering  iodide;  the  bales  are 
then  recycled.  The  cuprous  iodide  suspended  in  the  water  is  filtered,  dried,  finely 
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ground,  and  sold.  Iodine  can  be  obtained  from  crude  cuprous  iodide  by  oxidation 
and  sublimation. 

In  the  second  process,  silver  iodide  is  precipitated  by  the  addition  of  a  silver 
nitrate  solution.  The  silver  iodide  is  filtered  and  treated  with  scrap  iron  to  form 
metallic  silver  and  a  solution  of  ferrous  iodide.  The  silver  is  redissolved  in  nitric  acid 
and  recycled,  and  the  solution  is  treated  with  chlorine  to  liberate  the  iodine. 

The  third  process  uses  active  carbon  or  charcoal  on  brines  that  have  been  acidified 
to  pH  2  by  sulfuric  acid  and  then  oxidized  by  sodium  nitrite  to  liberate  iodine.  The 
brine  solution,  containing  the  free  iodine,  is  treated  directly  with  active  charcoal.  The 
iodine- saturated  charcoal  is  then  separated  and  washed.  Iodine  absorbed  on  active 
charcoal  is  recovered  by  the  elution  of  sodium  hydroxide  or  sodium  carbonate.  The 
combined  eluents  are  acidified  with  sulfuric  acid  and  then  oxidized  with  sodium 
nitrite  to  form  iodine  precipitate.  The  treated  charcoal  is  washed  free  from  salts  and 
may  then  be  reused  for  adsorbing  a  further  quantity  of  iodine. 

The  fourth  process  uses  starch  on  brines  that  have  been  acidified  to  pH  2  by 
sulfuric  acid  and  then  oxidized  by  sodium  nitrite  to  liberate  iodine.  The  liberated 
iodine  is  treated  with  starch,  which  forms  the  well-known  inclusion  complex  with 
iodine.  When  the  starch  is  saturated  with  iodine,  the  iodine  starch  complex  is  sepa¬ 
rated  in  a  centrifuge.  Iodine  is  elutriated  from  starch  with  water  followed  by  sodium 
bisulfite.  The  regenerated  starch  is  returned  to  the  absorption  process.  The  iodine- 
rich  elutriant  is  acidified  and  oxidized  to  precipitate  iodine.  The  crude  iodine  is  then 
separated  in  a  centrifuge  and  purified  with  hot  sulfuric  acid  or  refined  by 
sublimation. 

The  history  of  iodine  production  is  summarized  in  Figs.  10.3  and  10.4. 


(5)  USSR  (1924)  (6)  USSR  (1927) 

Brine  (Stai'ch)  Oil  brine  (Activated  carbon) 


(1)  France  (1814) 
Seaweed  (Ash) 


(2)  UK  (1845) 
Seaweed  (Ash) 


(4)  Indonesia  (1911) 
Brine  (Jawa  copper) 


Country  (Yeai') 
Iodine  source  (Method) 


(7)  USA  (1928) 
Oil  brine 

(Activated  carbon) 


(3)  Chile  (1867) 
Chile  niter 
(Sodium  sulfite) 


(8)  Japan  (1935) 
Brine  (Copper) 


FIGURE  10.3  History  of  iodine  production  (1). 
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FIGURE  10.4  History  of  iodine  production  (2). 
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IODINE  PRODUCTION  FROM 
CALICHE 


Armin  Lauterbach 

SQM,  Santiago,  Chile 


11.1  INTRODUCTION 

11.1.1  Occurrence  of  Iodine  in  Nature 

No  less  than  99.6%  of  the  earth’s  mass  can  be  accounted  for  by  32  of  the  chemical 
elements  [1].  The  remaining  of  0.4%  is  apportioned  among  64  elements,  all  of  which 
are  present  as  traces.  Iodine  is  one  of  these  64.  Estimates  of  abundance  of  constituent 
elements  in  the  lithosphere  place  iodine  46th  on  a  restricted  list  of  59  elements  (37  very 
rare  elements  are  excluded)  and  61st  on  a  list  in  which  96  elements  are  included.  Iodine 
is,  indeed,  one  of  the  scarcest  of  nonmetallic  elements  in  the  total  composition  of  the 
earth.  Whenever  and  wherever  it  occurs,  the  quantities  of  iodine  are  generally  exceed¬ 
ingly  small  and  require  very  sophisticated  chemical  methods  to  detect  them.  Only  a 
few  substances  characteristically  contain  iodine  in  relatively  large  quantities.  These 
are  seaweeds,  sponges,  and  corals;  the  underground  waters  from  certain  deep  oil-well 
and  gas-well  boring  and  mineral  springs,  and,  the  most  impressive  of  all,  the  vast 
natural  deposits  of  sodium  nitrate  (“caliche”  ore)  found  in  the  northern  part  of  Chile. 
Even  in  these,  however,  the  proportion  of  iodine  is  small,  rarely  exceeding  1  part  in  500. 

11.1.2  Mineral  Deposits 

The  mineral  lautarite,  (Ca(I03)2,  and  dietzeite,  (Ca(I03)2CaCr0^),  are  the  two 
crystalline  forms  in  which  iodine  naturally  occurs  in  “caliche,”  the  natural  saltpeter 
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Chilean  mineral.  The  only  iodine  obtained  from  minerals  has  been  a  by-product  of 
the  processing  of  nitrate  ore  in  Chile.  “Caliche”  is  the  name  for  nitrate  deposits 
occurring  in  the  Atacama  Desert,  of  Northern  Chile  and  west  of  the  Andes  Mountains. 
The  Atacama  Desert  is  known  as  the  driest  of  the  world’s  deserts,  where  measurable 
rainfall  (1  mm  or  more)  may  be  as  infrequent  as  once  every  5-29  years.  Associated 
with  the  caliche  deposits,  with  an  area  averaging  700  km  in  the  north-south  direction, 
by  30  km  in  an  east-west  direction,  it  can  be  estimated  that  the  iodine  reserves  may 
total  over  5  million  tons.  Features  of  the  deposits  that  appear  to  defy  rational  expla¬ 
nation  are  the  abundance  of  nitrate  minerals,  which  are  scarce  in  other  saline 
complexes,  and  the  presence  of  the  other,  less  abundant  minerals  containing  perchlo¬ 
rate,  iodate,  chromate,  and  dichromate,  which  do  not  exist  in  any  other  saline 
complexes.  The  first  iodine  recovery  from  caliche  was  in  1852,  but  the  first  iodine 
was  exported  to  Europe  in  1868,  becoming  the  most  important  by-product  of  nitrate 
production  in  terms  of  value.  Figure  11.1  shows  a  map  indicating  the  location  zone 
for  caliche  deposits  in  the  Atacama  Desert.  The  photographs  of  Figure  1 1.2  show  a 
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FIGURE  11.1  Location  of  iodine  deposit. 
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FIGURE  11.2  Atacama  Desert.  (See  insert  for  color  representation  of  the  figure.) 


typical  scenery  of  the  desert.  Charles  Darwin,  who  visited  the  Chilean  nitrate  deposits 
in  1835,  speculated  that  they  were  formed  at  the  margin  of  inland  extension  of  the 
sea.  Since  that  time  many  theories  have  been  proposed  about  its  origin.  Although  it 
is  speculation,  there  are  claims  that  the  widespread  saline  materials  of  the  Atacama 
Desert  came  from  distant  lands  and,  more  probably,  from  local  sources  such  as  the 
nearby  Pacific  Ocean  and  the  volcanic  activity  in  the  nearby  Andean  Highland  during 
the  late  tertiary  and  quaternary  period.  The  sources  of  exotic  constituents — nitrates, 
iodate,  perchlorate,  and  chromate — are  less  well-understood.  Iodine  is  chiefly  of 
oceanic  origin,  as  iodine-rich  organic  material  ejected  in  bubble  spray  and  as  gaseous 
iodine  formed  by  photochemical  oxidation  of  iodide  at  the  ocean  surface;  iodine  is 
formed  by  photochemical  reactions  in  the  troposphere  at  the  ground  level  in  the 
nitrate  fields. 


11.2  PRODUCTION  TECHNOLOGY 

11.2.1  Specific  Characteristics  of  the  Chilean  Technology 

In  Chile,  iodine  is  recovered  from  solutions  containing  iodate;  therefore  recovery  is 
based  on  the  reduction  of  iodate.  Because  of  cost  considerations  the  most  convenient 
reducing  agent  has  been  SO^  obtained  by  sulfur  combustion.  The  process  is  based  on 
the  following  reactions; 


2103“  +  5SO3  +  4H3O  ^  I2  +  5SO4  +  8H^  (11.1) 

l2+S03+2H30^2r+S0,  +4H^  (11.2) 

2103“  +  6SO3  +  6H3O  ^  2r  +  6SO^“  +  12H^  (1 1.3) 

Sr  +  IOj  +6H^  ^3l3+3H30  (11.4) 


As,  normally,  the  iodate  concentration,  expressed  as  1°,  is  greater  than  its  solu¬ 
bility,  reaction  (11.1)  would  produce  not  only  dissolved  but  also  crystallized  iodine 
inside  the  SO^  absorption  tower,  and  the  inert  gas  left  over  after  SO^  absorption  would 
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partially  blow  out  some  of  the  forming  iodine.  Therefore,  the  reaction  inside  the 
tower  needs  to  be  continued  until  the  iodate  is  transformed  completely  into  iodide, 
according  to  reaction  (11.3),  which  corresponds  to  reaction  (11.1)  plus  reaction 
(1 1.2).  The  process  is  normally  carried  out  transforming  into  iodide  5/6  of  the  iodate 
inside  the  tower,  and  reacting  the  remaining  1/6  iodate  with  the  5/6  iodide  exiting  the 
tower  according  to  reaction  (11 .4).  As  a  result,  elemental  iodine  is  obtained,  of  which 
up  to  0.4  g  1“'  remains  as  solution  and  the  excess  crystallizes.  Consequently,  iodine  is 
obtained  indirectly  according  to  reaction  (11.1). 


11.3  OBTAINING  IODATE  SOLUTIONS 

Iodate  solutions  are  obtained  basically  by  three  processes:  heap  leaching  of  caliche 
with  low  nitrate  (<5%)  and  iodine  content  (over  500ppm),  heap  leaching  of  high 
nitrate  and  high  iodine  content,  and  vat  leaching. 


11.3.1  Heap  Leaching  of  Low  Nitrate  Grade  Caliche 

This  process  is  shown  in  Figure  1 1.3,  where  it  can  be  seen  that  the  caliche  heaps  are 
leached  in  parallel.  Fresh  water  is  added  for  compensating  the  water  in  the  purge  and 
the  evaporation  losses.  A  purge,  not  shown,  is  required  for  avoiding  an  excessive 
increase  in  dissolved  salts,  which  would  harm  the  process,  mainly  because  of  unwanted 
crystallization  of  slats  contained  in  the  caliche,  as  sulfates,  chlorides,  and  nitrates.  The 
product  of  this  process  is  a  concentrated  iodide  solution  of  about  lOOg  1"',  consisting 
basically  of  a  mixture  of  iodic  and  sulfuric  acid. 


FIGURE  11.3  Heap  leaching  for  iodine  obtainment  only. 
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Nitrate  salts 


FIGURE  11.4  Heap  leaching  for  obtaining  iodine  and  sodium  nitrate  only. 


11.3.2  Heap  Leaching  of  High  Nitrate,  High  Iodine  Grade  Caliche 

As  seen  from  Figure  1 1 .4,  in  this  case  the  heaps  are  arranged  in  series  in  order  to 
increase  the  nitrate  concentration,  and  consequently  also  the  iodine  concentration. 
Nitrate  concentration  needs  to  be  as  high  as  possible  to  minimize  the  solar  evapo¬ 
ration  pond  surface  requirements.  Iodine  concentration,  on  the  other  hand,  reaches 
a  value  of  about  Ig  1“',  which  is  a  concentration  exceeding  in  0.6  g  1“'  its 
saturation. 


11.3.3  Vat  Leaching 

This  process  has  been  the  traditional  leaching  process  and  is  presently  used  only  by 
SQM.  The  other  Chilean  iodine  producers  use  only  heap  leaching.  Vat  leaching  is 
explained  in  Figure  1 1.5.  The  vat  solution  is  first  submitted  to  a  temperature  drop  to 
crystallize  sodium  nitrate.  The  mother  liquor  is  then  submitted  to  an  iodine  extraction 
process  similar  to  that  for  heap  leaching,  but  the  end  product  is  prilled  or  flaked 
iodine.  Also,  this  plat  uses  the  concentrated  iodide  solutions  obtained  from  the  heap 
leaching  processes,  which  are  oxidized  to  iodine  by  means  of  iodate  contained  in  the 
mother  liquor. 
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Iodide  solution 
from  heap 

FIGURE  11.5  Vat  leaching  for  sodium  nitrate  and  iodine  production. 


11.4  DESCRIPTION  OF  THE  IODINE  EXTRACTION  PROCESS 

SQM  is  presently  using  two  processes  for  iodine  extraction  from  iodate-containing 
solutions:  one  treating  heap  leach  solutions,  similar  to  the  process  employed  by  other 
Chilean  companies,  and  the  other  treating  the  mother  liquor  from  the  vats.  The  first 
process  produces  only  concentrated  iodide  solutions,  and  the  second  obtains  not  only 
concentrated  iodide  but  also  the  final  product  as  prilled  or  flaked  iodine. 

11.4.1  Heap  Leach  Solutions 

The  process  for  treating  heap  leach  solutions  is  described  in  Figure  1 1 .6.  As  can  be 
seen,  the  brine  containing  iodate  is  divided  into  two  streams,  with  5/6  passing  through 
the  SOj  absorption  tower  and  the  remaining  1/6  reacting  with  the  outgoing  iodide. 
The  obtained  iodine,  which  may  be  in  solution  form  or  partially  crystallized,  is  then 
submitted  to  a  kerosene  extraction  process  and  afterward  reduced  to  iodide  with  SO^. 
If  the  concentration  of  iodine  does  not  exceed  its  solubility,  blowout  instead  of  kero¬ 
sene  can  be  used,  as  other  Chilean  and  all  foreign  Japanese  and  U.S.  companies  do. 

The  SOj  flow  operates  in  series:  first  1/6  of  the  SO^  is  used  for  reducing  the  iodine 
of  the  kerosene  to  iodide,  and  the  remaining  5/6  is  injected  in  the  absorption  tower, 
where  iodate  is  reduced  to  iodide. 

11.4.2  Vat  Solutions 

Figure  1 1.7  shows  this  alternative.  Here  the  mother  liquor  from  the  sodium  nitrate 
crystallization  plant,  containing  about  1.5  g  F*  iodine  as  iodate,  is  decanted  for 
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Iodine  depleted  solution  Concentrated  iodine 
FIGURE  11.6  Treating  of  heap  leach  solutions. 


SO2 


Prilled  iodine  Iodine  depleted  solution 


FIGURE  11.7  Treating  of  vat  solution. 
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clarification  and  concentration  homogenization.  From  there  the  solution  is  split.  The 
larger  fraction  is  fed  into  an  absorption  tower  where  it  is  contacted  with  SO^,  obtained 
by  sulfur  combustion.  In  the  absorption  tower,  iodate  is  reduced  all  the  way  to  iodide. 
After  leaving  the  absorption  tower,  the  resulting  iodide  solution,  together  with  the 
iodide  solution  coming  from  the  kerosene  extraction  plant,  and  the  iodide  solution 
from  different  heap  leaching  plants  are  contacted  with  the  smaller  iodate  fraction  in 
the  stoichiometric  proportion  of  5  mol  iodide  to  1  mole  iodate,  producing  iodine. 

Up  to  0.4  g  1“'  of  the  iodine  stays  in  solution  and  the  rest  precipitates  as  crystallized 
iodine,  which  is  removed  by  notation.  This  operation  does  not  require  a  flotation  agent 
due  to  the  hydrophobic  character  of  the  crystallized  element.  From  the  notation  cell 
a  heavy  pulp  is  obtained,  which  is  introduced  into  a  heat  exchanger  where  it  is  heated 
under  pressure  up  to  120°C,  to  melt  the  iodine  that  flows  into  the  first  reactor  for 
settling.  From  there  the  melt  flows  into  a  second  reactor  for  sulfuric  acid  drying  and 
refining.  The  refined  iodine  is  either  naked  or  prilled  and  packed  in  50  and  25-kg 
plastic-lined  fiber  drums. 

The  solution  leaving  the  notation  cell,  containing  about  0.4 g  1“'  iodine,  is  sent  to 
a  kerosene  solvent  extraction  process,  or  alternatively  to  a  blowing-out  process,  to 
recover  the  dissolved  product.  After  neutralization  with  soda  ash  to  the  initial 
incoming  alkalinity,  the  solution  is  returned  to  the  nitrate  caliche  leaching  process. 
The  iodine-charged  kerosene  is  contacted  with  an  acidic  concentrated  iodide  solution 
containing  SOj,  which  reduces  the  iodine  to  iodide.  Chilean  companies  using  blowout 
also  obtain  a  concentrated  iodide  solution,  which  is  submitted  to  hydrogen  peroxide 
oxidation  to  obtain  elemental  iodine.  The  flaked  product  is  obtained  in  the  manner 
already  described. 

Until  1990,  some  flaked  iodine  and  iodine-containing  wastes  were  sublimed  to 
obtain  an  especially  high-grade  product.  This  process  was  dropped  from  the  current 
industrial  processes  in  view  of  the  quality  improvements  reached  in  current  opera¬ 
tions.  Sublimed  iodine  is  produced  only  in  small  quantities  by  specialized  companies 
that  offer  this  product  for  special  minor  applications  requiring  the  highest  purity. 
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12.1  IODINE  PRODUCTION  IN  THE  UNITED  STATES 

12.1.1  Historical  Background 

The  first  iodine  production  in  the  United  States  occurred  between  1917  and  1921.  It 
was  harvested  from  seaweed  in  California.  After  the  seaweed  was  distilled  to  produce 
acetic  acid,  the  residues  were  processed  for  potash  fertilizers  and  iodine  [1].  Between 
1928  and  1932,  the  first  commercial  production  of  iodine  in  the  United  States  was 
from  brines  in  the  state  of  Louisiana.  A  number  of  Louisiana  oilfield  brines  had  con¬ 
centrations  of  about  35  ppm  iodine  [1].  Oilfield  brines  in  parts  of  California  contain 
30-70  ppm  iodine  (Fig.  12.1)  in  the  Monterey  Formation  (Miocene)  and  Repetto 
Formation  (Pliocene);  these  were  produced  at  various  times  between  1928  and  1966. 
In  Michigan,  natural  brines  containing  15-30  ppm  iodine  are  present  in  the  Sylvania 
Formation  (Devonian)  at  a  depth  of  about  1300  m.  The  Michigan  brines  were  pro¬ 
cessed  mainly  for  bromine,  and  the  by-product  iodine,  by  the  Dow  Chemical 
Company  until  the  wells  were  plugged  and  abandoned  in  1987. 

All  iodine  production  in  the  United  States  today  comes  from  iodine-rich  (300  ppm 
iodine)  natural  brines  on  the  northern  flank  of  the  Anadarko  Basin  in  northwestern 
Oklahoma  (Fig.  12.2).  Oklahoma  iodine  production  began  in  1977.  At  present  three 
companies  operate  two  major  plants  and  one  miniplant  for  the  recovery  of  iodine. 
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FIGURE  12.1  Areas  of  known  iodine  concentrations  in  the  United  States  [2].  Exceptionally 
high  iodine  concentrations  in  northwest  Oklahoma  are  in  Mississippian  (Miss.)  and 
Pennsylvanian  (Penn.)  strata. 


Total  production  last  reported  by  the  U.S.  Geological  Survey  was  in  2005,  when  the 
United  States  produced  1570  tonnes  [4].  Oklahoma’s  first  iodine  operation  was  the 
Woodward  Iodine  Corporation.  It  opened  early  in  1977  as  a  joint  venture  between 
Amoco  Production  Company  and  Houston  Chemicals,  a  subsidiary  of  Pittsburg  Plate 
Glass  Industries  [2].  Asahi  Glass  Company  of  Japan  purchased  the  company  in  1984 
[1],  and  then  sold  it  in  1994  to  Ise  Chemical  Industries  Company  Ltd.  of  Japan  [5,  6]. 
Today,  MIC  Specialty  Chemicals  (a  subsidiary  of  Mitsubishi  International)  exclu¬ 
sively  distributes  the  iodine  produced  hy  Woodward  [7].  Woodward  Iodine 
Corporation  operates  12  production  wells  in  the  Woodward  Trench,  just  north  of 
Woodward,  and  injects  the  waste  hrine  back  into  the  trench  through  four  injection 
wells;  three  additional  wells  are  operated  as  disposal  wells.  Brine  production  wells 
and  injection  wells  are  21 30-2290  m  deep  at  Woodward. 

A  second  iodine  plant  located  near  Vici  in  Oklahoma  was  started  in  late  1987  by 
lOCHEM  Corporation  of  Japan.  It  is  a  subsidiary  company  of  Toyota  Tsusho 
America,  Inc.  A  long-term  contract  with  Schering  AG  of  Germany  today  accounts  for 
the  majority  of  lOCHEM’s  production.  lOCHEM  also  extracts  iodine-rich  brines  in 
a  southern  extension  of  the  Woodward  Trench,  operating  nine  production  wells  and 
four  injection  wells  at  depths  of  3000-3 183  m. 

North  American  Brine  Resources  (NABR)  operates  the  remaining  iodine  installa¬ 
tion  in  Oklahoma  at  a  miniplant  near  Dover,  where  oilfield  brines,  collected  from 
many  producing  oil  and  gas  wells  of  northwestern  Oklahoma,  are  processed.  The 
company  also  had  a  major  operation  in  the  Woodward  Trench  about  35  km  north  of 
Woodward,  which  included  two  production  wells  and  three  injection  wells,  about 


B 


A 


Wichita 

Mtns.  Anadarko  Basin  Iodine  wells 


Sandstone  and  shale 
■  Salt,  anhydrite,  and  shale 
s  Limestone  and  dolomite 
I  I  Shale,  limestone,  and  sandstone 


Conglomerate  (“granite  wash”) 
l^-~- 1  Black  shale 

Rhyolite,  granite,  and  gabbro 
I**  1 1  Granite(?)  and  rhyolite)?) 


FIGURE  12.2  Generalized  north-south  structural  cross  section  through  the  Anadarko  Basin  of  western  Oklahoma 
(modified  from  Johnson  [3]).  Iodine-rich  brines  are  produced  from  basal  Pennsylvanian  sandstones  on  the  northern  flank 
of  the  basin. 
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1800m  deep;  this  facility  began  operations  in  1989  and  was  recently  dismantled  [8]. 
NABR  began  operations  in  1989  as  a  joint  venture  of  Beard  Oil  Company  (40% 
share)  and  two  Japanese  firms  (Godoe  USA,  Inc.,  50%  share,  and  Inorgchem 
Development,  Inc.,  10%  share)  [9].  In  2003  NABR,  as  a  joint  venture  between  Mitsui 
&  Company  of  Japan  and  the  Beard  Oil  Company,  was  sold  to  a  group  of  U.S.  private 
investors  and  is  now  operated  as  a  limited  liability  company  [10]. 

lofina,  Inc.,  a  newcomer  to  the  North  American  iodine  industry,  is  involved  in 
exploring  and  producing  both  iodine  and  natural  gas  in  Montana.  The  company  has 
signed  five  third-party  Iodine  Extraction  and  Collection  Agreements  with  two  opera¬ 
tors  in  California  and  one  each  in  Oklahoma,  Texas,  and  Wyoming  since  2011.  The 
Oklahoma  plant,  known  as  IO#2,  began  producing  iodine  in  the  fourth  quarter  of  2012. 

12.1.2  Oilfield  Brine  Production 

About  45%  of  the  iodine  currently  consumed  in  the  world  comes  from  brines  pro¬ 
cessed  in  Japan,  the  United  States,  the  Commonwealth  of  Independent  States  (CIS; 
the  former  Soviet  Union),  and  Indonesia  [II].  The  remainder  (55%)  is  produced 
from  desert  evaporite  deposits  in  Chile.  These  figures  fluctuated  a  bit  over  the  past 
few  years,  but  remain  relatively  the  same.  In  Japan,  iodine  is  produced  from  brines 
associated  with  natural  gas  wells.  The  iodine  content  of  Japanese  subterranean  brines 
ranges  up  to  150-160ppm.  Iodine  production  in  the  United  States  comes  from  deep- 
well  brines  associated  with  petroleum  and  natural  gas  fields.  Iodine  content  in  older 
iodine-producing  rock  formations  (Mississippian-Pennsylvanian)  in  Oklahoma  may 
range  up  to  1500  ppm,  but  typically  the  iodine  content  of  produced  brines  is  about 
300 ppm.  In  the  CIS,  iodine  production  is  associated  with  oil  recovery  mainly  in 
Turkmenistan,  Azerbaijan,  and  Russia,  accounting  for  97%  of  CIS’s  total  production 
[11,  12].  Uzbekistan  also  produces  minor  amounts  of  iodine. 

Iodine,  with  trace  amounts  of  bromine,  is  also  present  in  oilfield  brines  in 
Indonesia.  These  occur  in  Pliocene  sandstones  and  diatomaceous  marls  in  the 
Gujangon  Anticline  [13];  however,  Indonesian  iodine  typically  comes  from  brines 
not  associated  with  oil  and  gas  deposits  [11]. 

12.1.3  Iodine  Production  in  Oklahoma 

All  iodine  production  in  the  United  States  now  comes  from  iodine-rich  (300  ppm 
iodine)  natural  brines  in  the  deep  subsurface  of  the  Anadarko  Basin  of  northwestern 
Oklahoma  (Fig.  12.2).  Oklahoma’s  first  iodine  operation  started  operations  early  in 
1977.  After  the  discovery  of  the  iodine-rich  brines  at  Woodward,  Oklahoma,  a 
12-year  program  was  launched  that  analyzed  brine  samples  collected  by  the  Amoco 
Production  Company  [2].  Amoco  noted  the  unusually  high  concentrations  of  iodine 
in  the  Woodward  area;  concentrations  ran  as  high  as  1560  ppm  in  Chesterian 
(Mississippian)  limestones  and  700ppm  in  Morrowan  (basal  Pennsylvanian)  sand¬ 
stones.  Morrowan  sandstones  in  the  area  are  as  much  as  100  m  thick  and  are  pre¬ 
served  as  channel  sands  in  a  south-trending  paleovalley  (the  Woodward  Trench)  that 
cuts  into  the  Chesterian  land  surface  (Fig.  12.3).  Although  iodine  concentrations  are 
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FIGURE  12.3  Cross  sections  showing  iodine-hearing  Morrowan  channel  sandstones  pre¬ 
served  in  the  Woodward  Trench  that  has  been  cut  into  Chesterian  limestones  (modified  from 
Cotton  [2]  and  Johnson  [3]).  Datum  is  top  of  Morrowan  strata.  Length  of  A-A'  and  B-B'  is 
about  10km;  length  of  C-C'  is  about  15km. 
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higher  in  Chesterian  strata,  the  Chesterian  limestones  have  low  permeability  and  do 
not  yield  large  volumes  of  water.  Alternatively,  the  Morrowan  sandstones  in  the 
trench  have  higher  porosity  (-14%)  and  higher  permeability  (about  20-40md), 
yielding  large  volumes  of  brine  that  average  about  300  ppm  iodine.  Production  wells 
yield  5000-10,000  barrels  (200,000-400,000  gal)  of  brine  per  day  [6]. 

The  Woodward  Trench  has  an  average  width  of  1.6  km;  its  known  length  is  about 
1 15  km  [2].  Brine  production  wells  and  injection  wells  are  21 30-2290  m  deep  toward 
the  northern  end  of  the  Woodward  Trench.  In  a  southern  extension  of  the  Woodward 
Trench  near  Vici,  Oklahoma,  extraction  of  iodine-rich  brines  from  Morrowan  sand¬ 
stones  occurs  at  depths  of  3000-3 183  m.  A  miniplant  near  Dover,  Oklahoma,  serves  as 
an  oilfield  brine  injection/disposal  site,  collecting  waste  oilfield  brines  from  a  number 
of  oil  and  gas  producing  wells  in  nearby  parts  of  northwestern  Oklahoma.  Johnson  and 
Gerber  [6]  reported  that  these  oilfield  brines  contain  concentrations  of  iodine  in  the 
range  of  lOO-lOOOppm.  The  oilfield  brines  are  processed  in  the  miniplant,  where 
iodine  is  extracted  before  the  brines  are  injected  into  wells  at  the  site  for  disposal. 

The  origin  of  iodine-rich  brines  associated  with  sediments  of  the  northern  flank  of 
the  Anadarko  Basin  has  provided  a  challenge  for  oilfield  scientists  for  many  years. 
The  high  concentration  of  iodine  in  the  Chester  limestone  (Mississippian)  led  to 
speculation  that  its  source  was  limestone.  Moran’s  [14]  work  with  iodine  isotope  ra¬ 
tios  indicated  that  the  organic -rich  Woodford  Shale  (Upper  Devonian-Lower 
Mississippian)  was  the  probable  source  rock  for  the  high  concentrations  of  iodine. 
The  iodine-rich  brines  probably  migrated  from  the  Woodford  Shale  into  several  brine 
reservoirs  in  northwestern  Oklahoma  [6]. 

12.1.4  Technology 

12.1.4.1  Exploration  Techniques 

Iodine  production  has  historically  been  a  by-product  of  either  oil  and  natural  gas  pro¬ 
duction  or  nitrate  fertilizer  processing.  Gotten  [2]  and  Johnson  and  Gerber  [6] 
describe  how  the  Amoco  Production  Company  approached  the  prospect  of  producing 
iodine  from  brines  associated  with  oil  and  natural  gas  exploration  drill  holes  in  the 
Woodward  Trench  of  northwest  Oklahoma.  Reports  on  the  chemistry  of  subsurface 
water  samples  from  these  exploratory  wells  showed  that  a  variety  of  potentially 
economic  minerals  were  present.  Feasibility  studies  indicated  that  iodine  was  the 
most  favorable  mineral  for  development,  based  on  the  fact  that  its  concentrations 
were  relatively  high,  and  that  the  United  States  was  almost  entirely  dependent  on 
foreign  imports  for  its  supplies. 

Scientists  at  the  Amoco  Research  Center  determined  that  60,000  barrels  per  day 
of  300  ppm  iodine-rich  brine  had  to  be  produced  over  a  10-year  period  to  be  an  eco¬ 
nomically  viable  project.  Additional  holes  on  640-acre  centers  were  drilled  into  the 
Morrow  Formation  (Pennsylvanian)  in  the  trench,  and  their  electric  logs  examined  to 
determine  the  thickness  of  water-bearing  sands  with  porosities  greater  than  10%. 
These  criteria  helped  determine  the  concentration  (grade)  of  iodine  and  the  amount 
(reserves)  of  resources  present.  A  joint  venture  by  Pittsburgh  Plate  Glass  Industries 
and  Amoco  Production  Company  brought  the  necessary  expertise  together  to  form 
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the  Woodward  Iodine  Corporation.  In  1977  Woodward  Iodine  began  producing 
iodine  from  the  Morrow  subterranean  brines. 

Iodine  geochemical  data  obtained  from  surface  soil  samples  is  used  as  an  explo¬ 
ration  tool  in  the  petroleum  industry  [15-18].  Positive  anomalies  of  trace  iodine  geo¬ 
chemistry  have  been  used  as  an  indirect  indicator  of  hydrocarbon  accumulation  in  the 
subsurface.  Perhaps  future  study  of  this  phenomenon  will  lead  to  exploration  tech¬ 
niques  in  the  search  for  subterranean  iodine-rich  brines. 

12.1.4.2  Mining 

Iodine  produced  from  underground  brines  is  pumped  to  the  surface  using  electric 
submersible  pumps  and  through  a  system  of  pipelines  is  transported  to  the  processing 
facility.  Natural  gas  either  is  flared  off  or  is  extracted  from  the  brines  in  a  gas  sepa¬ 
rator  in  which  the  natural  gas  is  physically  separated  from  the  brine.  The  iodine-rich 
brine  is  collected  in  storage  tanks  before  entering  the  processing  plant  for  iodine 
extraction.  Corrosion-resistant  pipe  and  storage  tanks  are  necessary  to  contain  fluids 
and  vapors  during  transport  and  storage;  in  addition,  calcium-scale  inhibitors  are 
introduced  to  prevent  calcium  carbonate-scale  buildup  from  occurring  on  exposed 
metallic  surfaces  [19]. 

12.1.4.3  Production  Process 

The  blowout  process  (also  known  as  the  air-stripping  process)  is  the  principal  method 
for  extracting  iodine  from  brines.  Initially  the  brine  undergoes  a  process  consisting 
of  skimming  and  settling  that  removes  impurities  such  as  oil,  clay,  and  other  undesir¬ 
able  materials.  Chlorine  is  then  injected  into  the  brine,  where  oxidation  occurs: 

2HI  +  CI2  ^I2+2HC1  (12.1) 

The  Ij  remains  in  solution  and  is  extracted  from  the  brine  in  a  countercurrent  air 
blowout  process  where  free  iodine  is  stripped  from  solution  as  it  is  exposed  to  large 
volumes  of  air  [6,  11]. 

The  iodine-depleted  brine  is  discarded  or  injected  into  wells,  returning  the  brine 
to  the  original  underground  formation;  this  also  serves  to  maintain  fluid  pressures  in 
the  reservoir  and  helps  prevent  subsidence.  The  iodine-rich  air  leaves  the  stripping 
column  and  enters  an  absorption  column  where  the  vapor  is  submitted  to  a  cocurrent 
desorption  process.  A  reducing  environment  is  maintained  by  adding  sulfur  dioxide 
(SOj)  and  water.  The  iodine  is  reduced  to  iodide: 

I2  (air)  +  SO2  +  2H2O  ^  2HI  +  H2SO4  (12.2) 

This  hydriodic  and  sulfuric  acid  solution  is  maintained  in  an  interim  storage 
vessel.  When  chlorine  gas  is  injected  into  this  hydriodic  acid  solution,  it  undergoes 
oxidation  and  iodine  crystallization: 

2HI  +  CI2  ^I2+2HC1 


(12.3) 
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Johnson  and  Gerber  [6]  identified  the  oxidized  crystallizer  liquor  as  a  mixture  of 
water,  sulfuric  acid,  hydrochloric  acid,  and  iodine  crystals. 

The  next  step  separates  the  iodine  crystals  from  this  liquor.  This  is  accomplished 
through  batch  filtration,  followed  by  vacuum  drying  of  the  filter  cake.  Wet  iodine 
filter  cake  is  transferred  to  a  fusion  kettle.  Sulfuric  acid,  coming  into  contact  with  the 
melted  product,  helps  in  controlling  humidity  (drying)  and  in  removing  impurities. 
The  final  step  converts  the  fused  iodine  into  a  flake  or  prill  product.  These  are  then 
prepared  for  shipping  [6,  11]. 

12.1.5  Regulatory  and  Environmental  Considerations 

12.1.5.1  Health  and  Safety 

Iodine  is  relatively  safe  to  handle  because  it  is  a  crystalline  solid  at  normal  room  tem¬ 
perature  and  pressure;  it  has  a  relatively  low  vapor  pressure  of  IkPa  at  25  °C  com¬ 
pared  to  other  halogens  (e.g.,  700 kPa  for  chlorine).  Personal  protective  equipment 
(PPE)  is  not  necessary  when  handling  properly  packaged  containers;  however,  chem¬ 
ically  approved  gloves,  clothing,  eyewear,  and  masks  or  respirators  should  be  worn 
when  solid  iodine  is  not  packaged  properly  [11]. 

An  upper  limit  of  0.1  ppm  iodine  in  air  was  set  by  the  U.S.  Occupational  Safety 
and  Health  Administration  (OSHA),  because  unprotected  short-term  exposure  (up  to 
1  h)  can  be  hazardous  to  lungs  and  eyes.  Severe  irritation  to  the  eyes  and  respiratory 
track,  which  may  lead  to  pulmonary  edema,  can  occur  when  exposed  to  concentra¬ 
tions  above  0.1  ppm  over  extended  periods.  Burns  also  may  result  if  contact  with  the 
skin  is  prolonged.  Chronic  absorption  of  iodine  results  in  iodism,  a  condition  whose 
symptoms  include  insomnia,  inflammation  of  eyes  and  nasal  passages,  bronchitis, 
tremors,  diarrhea,  and  weight  loss  [11]. 

12.1.5.2  Land  Use  and  Zoning 

Permits  for  brine  wells  are  similar  for  oil  and  natural  gas  wells,  particularly  if  there 
is  coproduction  of  these  resources,  or  if  injection  wells  are  part  of  the  iodine-extrac¬ 
tion  operation.  In  Oklahoma  the  Oklahoma  Corporation  Commission  regulates  and 
permits  borehole  drilling,  maintenance,  abandonment,  and  reclamation.  Most  iodine 
operations  are  located  in  remote  areas,  so  industrial  zoning  is  not  a  major  concern. 
When  it  is  necessary  to  abandon  iodine-producing  brine  wells,  the  boreholes  are 
plugged  with  concrete  so  that  producing  formations  are  sealed  to  prevent  contamina¬ 
tion  of  water  aquifers,  other  rock  units,  and  the  soils  where  the  drill  pad  was  located. 

12.1.5.3  Pollution  Control  and  Other  Environmental  Considerations 

In  the  production  of  iodine,  special  considerations  for  chemical  reagents,  such  as 
chlorine,  sulfur  dioxide,  ammonia,  and  sulfuric  acid,  must  be  taken  into  account  and 
documented  in  risk  management  plans.  This  includes  emissions  from  nonpoint 
sources  (fugitive  emissions),  and  single-point-source  emissions.  Fugitive  emissions 
are  those  from  leaking  valves,  corroded  pipe,  and  others.  Point-source  emissions 
would  be  represented  by  equipment  (such  as  natural  gas  compressors,  boilers,  and 
scrubbers)  discharging  noxious  substances  (usually  as  gases)  into  the  environment. 
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The  U.S.  Environmental  Protection  Agency  (EPA)  requires  risk  communication 
be  filed  with  appropriate  governmental  entities.  The  Superfund  Amendments  and 
Reauthorization  Act  of  1986  (SARA  Title  3;  also  known  as  the  Right  to  Know  Act  of 
1986)  sets  forth  guidelines  for  essential  emergency  planning  for  local  communities. 
Potential  chemical  hazards  are  identified  by  the  producer  who  files  various  risk 
communications  annually  with  the  local  emergency  committee,  fire  departments, 
the  Oklahoma  Department  of  Environmental  Quality,  and  others.  This  notifies 
respective  agencies  of  potential  problems  associated  with  hazardous  materials  used 
at  the  site. 

In  the  United  States,  iodine  is  a  federally  regulated  List  II  chemical  under  the 
Comprehensive  Methamphetamine  Act  of  1996;  so  iodine  producers  are  required  to 
report  to  the  U.S.  Drug  Enforcement  Agency  (DEA)  and  other  enforcement  author¬ 
ities  all  iodine  buyers  and  customers.  Iodine  is  an  essential  ingredient  in  the  manu¬ 
facture  of  methamphetamines,  which  are  commonly  produced  illegally  (sold  as 
“meth”  or  “speed”).  These  customs  requirements  call  for  iodine  sellers  to  record  all 
sales  and  to  report  detailed  information  about  their  customers.  Producers  maintain 
tight  control  over  inventories  and  have  increased  security  at  warehouses  and  other 
storage  facilities. 
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13.1  NATURAL  GAS  BRINE 

13.1.1  Introduction 

Japan  accounts  for  approximately  30%  of  global  iodine  production  from  natural  gas 
brine.  The  brine  found  in  pores  of  Neogene  to  Quaternary  marine  sediments  is  satu¬ 
rated  to  oversaturated  with  microbial  methane.  Natural  gas  is  produced  by  degassing 
with  depressurization  of  naturally  emerging,  pumped-up,  or  gas-lifted  pore  water. 
After  the  natural  gas  is  extracted,  the  high  concentrations  of  iodine  in  the  brine  in  the 
form  of  1“  are  refined.  Japan’s  iodine  production  has  remained  at  constant  levels 
because  the  amount  of  water  extracted  for  this  purpose  has  to  be  maintained  at 
constant  levels  to  prevent  land  subsidence  associated  with  pumping  of  water  from 
unconsolidated  formations. 

Iodine  production  in  Japan  occurs  at  the  Minami-Kanto  gas  field  near  Tokyo,  the 
Niigata  gas  field,  the  Nakajo  oil  and  gas  field,  both  in  Niigata  Prefecture,  and  the 
Sadowara  gas  field  in  Miyazaki  Prefecture  (Fig.  13.1),  all  of  which  are  hrine- 
dissolved  gas  fields.  Deep  horizons  of  the  Niigata  and  Nakajo  fields  also  have  struc¬ 
tural  accumulations  of  thermogenic  hydrocarbons.  Another  potential  gas  field  that  is 
being  developed  is  located  in  southern  Okinawa-jima,  the  brine  from  which  includes 
iodine  at  high  concentrations. 
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FIGURE  13.1  Active  and  potential  iodine  gas  fields  in  Japan.  M,  Minami-Kanto;  J,  Nakajo; 
N,  Niigata;  S,  Sadowara;  O,  Okinawa.  Plate  boundaries  are  also  shown. 

Unlike  conventional  gas  deposits  that  accumulate  in  anticlines,  these  brine- 
dissolved  gas  deposits  exist  at  shallow  depths  (<2000  m)  in  synclinal  areas  of 
young  sedimentary  basins. 

13.1.2  Iodine-Producing  Fields  in  Japan 
13.1.2.1  Minami-Kanto  Gas  Field 

This  field,  which  is  located  mainly  in  Chiba  Prefecture  near  Tokyo,  is  responsible 
for  approximately  90%  of  Japan’s  iodine  production.  The  total  volume  of  water  that 
has  been  extracted  for  iodine  production  has  been  voluntarily  controlled.  The  main 
reservoirs  are  the  Pleistocene  Kiwada,  Otadai,  and  Umegase  formations  of  the  Kazusa 
group  (Fig.  13.2),  the  sedimentary  environment  for  which  was  bathyal  marine.  Turbidite 
sandstone  is  well-developed  in  the  Otadai  and  Umegase  formations,  and  the  pores  of 
the  sandstone  contain  very  high  concentrations  of  iodine  [1,2]. 

The  area  offshore  of  the  Kanto  sedimentary  basin  is  characterized  by  the  juncture 
of  the  Pacific  Plate,  the  Philippine  Sea,  and  the  North  American  Plates  (Fig.  13.1). 
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FIGURE  13.2  Geologic  time  and  stratigraphy  of  iodine-producing  sedimentary  basins 
in  Japan. 


The  Kazusa  group  filled  a  forearc  basin  of  the  subduction  zone  along  the  Sagami 
Trough  between  the  Philippine  Sea  and  the  North  American  Plates.  Overlapping  of 
the  forearc  basin  has  attributed  to  subduction  of  the  Pacific  Plate  [3,  4]. 

The  area  referred  to  as  the  Boso  Peninsula  is  unusual  in  that  the  thick  sediments 
that  were  successively  deposited  in  a  short  time  since  the  Pleistocene  were  subse¬ 
quently  uplifted  and  exposed.  Consequently,  the  area  is  characterized  by  a  low  geo¬ 
thermal  gradient  of  less  than  2°C  100  m“*. 

13.1.2.2  Niigata  Gas  Field 

This  field  is  situated  in  the  Niigata  backarc  basin.  Its  reservoirs  consist  of  the  shallow 
marine  Haizume  formation  to  the  nonmarine  Uonuma  group  of  the  Pleistocene  age 
(Fig.  13.2).  These  formations  overlay  thickly  deposited  Neogene  marine  sediments 
since  the  opening  of  the  Japan  Sea.  The  Higashi-Niigata  gas  field,  which  is  a  part  of 
the  Niigata  gas  field,  has  been  developed  as  a  suburb  of  Niigata  City.  This  gas  field 
also  produces  thermogenic  gas  that  has  accumulated  in  the  deeper  horizons. 

Development  of  this  field  has  been  terminated  in  urban  areas  because  of  the  problem 
of  land  subsidence.  However,  in  suburban  areas,  reinjection  of  water  underground  to 
compensate  for  the  water  that  was  extracted  to  produce  methane  and  iodine  has 
resulted  in  the  iodine  concentration  of  these  reservoirs  having  decreased  somewhat. 

13.1.2.3  Nakajo  Oil  and  Gas  Field 

The  reservoir  is  in  the  Nishiyama  formation,  which  is  below  the  Haizume 
formation  in  the  Niigata  gas  field  (Fig.  13.2).  Iodine  is  extracted  from  edge-water  of 
submarine  conventional  gas  accumulation  reserved  in  stratigraphic  traps  of  pinched-out 
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sandstones.  The  gas  signature  is  methane-dominant  and  consists  of  a  mixture  of 
microbial  and  thermogenic  gas.  This  field  is  also  characterized  by  hydrocarbon 
accumulation  in  the  deep  horizons. 

13.1.2.4  Sadowara  Gas  Field 

The  Philippine  Sea  Plate  subducts  beneath  the  Eurasian  Plate  in  southwestern  Japan. 
The  Sadowara  gas  field  developed  in  the  Miyazaki  sedimentary  basin,  which  is  the 
forearc  basin  associated  with  the  juncture  of  the  southwestern  Japan  and  Ryukyu  arcs 
(Fig.  13.1).  The  reservoir  occurs  within  the  weakly  consolidated  siltstone  of  the 
Uryuno  and  Sadowara  formations,  which  are  called  the  Tsuma  facies  of  the  Miyazaki 
group  and  distributed  in  the  northern  part  of  the  basin  (Fig.  13.2). 

More  detailed  descriptions  of  the  geological  and  geochemical  characteristics  of  each 
gas  field  have  been  reported  [5,  6]. 


13.2  CHARACTERISTICS  OF  BRINE 

Beneath  the  surface  of  marine  sediments,  any  dissolved  oxygen  in  pore  water  is 
initially  consumed  through  the  action  of  microbes  and  the  oxidation  of  organic 
matter,  followed  by  subsequent  utilization  of  any  oxides  and  oxoacid  ions.  As  a 
result,  submarine  brine  is  depleted  in  SO^^“,  but  rich  in  1“  and  NH^^.  In  such  a  reduc¬ 
tive  environment,  methanogens  can  produce  CH^  from  CO^,  H^,  and  H’^.  The  origin 
of  hydrocarbons  of  the  earlier-mentioned  gas  fields  was  reported  [7-9].  The 
chemical  composition  of  iodine-rich  brine  from  Japanese  gas  fields  and  seawater  is 
listed  in  Table  13.1  [10-14].  Brines  from  the  Minami-Kanto  gas  field  contain 
iodine  at  concentrations  exceeding  100  ppm,  as  well  as  high  levels  of  HCOj”  and 
humic  substances  [15]. 

13.3  IODINE  ACCUMULATION  IN  BRINE 

Relatively  little  is  known  about  the  mechanisms  by  which  iodine  accumulates  in 
interstitial  brine.  The  iodine  concentration  of  seawater  is  approximately  0.06  ppm, 
and  it  occurs  as  lO^”  and  I“;  the  latter  is  the  only  chemical  state  in  submarine  anoxic 
condition. 

As  iodine  is  a  biophilic  element,  it  is  transported  together  with  organic  matter  into 
sediments.  It  was  previously  considered  that  seaweeds,  particularly  members  of  the 
brown  algae  family,  were  the  origin  for  iodine  in  brine.  However,  even  though  they 
concentrate  iodine  from  seawater  and  move  it  from  shallow  to  bathyal  environments, 
seaweeds  are  easily  consumed  by  benthic  organisms  and  they  are  rarely  preserved  in 
sediments.  In  addition,  microalgae  also  concentrate  iodine  [16],  implying  that  they 
may  be  responsible  for  an  increase  of  iodine  in  sediments.  Since  the  sediments  of 
iodine-producing  basins  are  also  generally  rich  in  terrestrial  organic  matter,  it  may 
be  possible  that  this  organic  matter  is  responsible  for  the  adsorption  of  iodine  from 
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seawater.  Another  idea  is  that  marine  organic  matter  contains  iodine  derived  from 
fecal  matter  and  that  this  iodine  is  released  and  transferred  to  refractory  terrestrial 
organic  matter  in  the  bottom  sediments. 

Iodine  concentrations  in  the  pore  water  of  marine  subsurface  sediments  increase 
with  depth.  Egeberg  and  Dickens  [17]  reported  that  sediments  from  730m  at  Blake 
Ridge  had  iodine  concentrations  of  230  ppm  and  that  this  iodine  diffuses  to  the  sur¬ 
face.  Uprising  I"  changes  to  lO^”  at  the  oxic/anoxic  interface  where  it  is  reduced, 
binds  with  organic  matter,  and  is  transported  to  the  deep  sediments  again.  This  recy¬ 
cling  is  considered  to  concentrate  the  iodine  in  subsurface  sediments. 


13.3.1  Radiometric  Age  of  Iodine-129 

The  absolute  age  of  brine  has  been  determined  using  radiometric  '^*1,  which  has 
a  half-life  of  15.7  million  years.  The  minimum  ages  of  iodine  in  brine,  which 
have  been  calculated  as  50  Ma  for  the  Minami-Kanto  field  [15]  and  as  40-46  Ma 
for  the  Niigata  and  Nakajo  fields  [18],  are  considerably  older  than  the  ages  of  the 
host  sediments.  Based  on  what  is  known  about  the  geology  of  these  areas,  it  is 
difficult  to  explain  how  very  large  amounts  of  water  have  been  displaced  from 
such  compacted  old  sediments.  It  therefore  seems  likely  that  iodine  ages  have 
been  overestimated. 

The  brine  was  not  deposited  at  the  same  time  as  the  host  sediments  in  general.  The 
porosity  of  sediments  has  been  shown  to  decrease  from  60  to  70%  at  the  surface  to 
about  30%  at  a  depth  of  1000  m  due  to  compaction  with  burial.  Thus,  the  burial  rate 
of  pore  water  appears  to  be  slower  than  that  of  solid  sediments,  which  is  why  older 
pore  water  can  generally  be  found  in  younger  sediments.  Like  microbial  methane, 
brine  may  receive  iodine  from  the  sinking  thick  sediments.  The  brine  then  accumu¬ 
lates  the  iodine  over  extended  periods;  in  the  case  of  the  gas  fields  described  earlier, 
these  periods  may  span  from  about  2  million  to  15  million  years.  Moreover,  the 
effects  of  diffusion  and  recycling  described  earlier  result  in  iodine  ages  that  are 
considerably  older  than  those  of  the  host  sediments. 


13.4  PRESERVATION  AND  DESTRUCTION  OF  BRINE  DEPOSITS 

Although  iodine  is  known  to  exist  at  high  concentrations  in  submarine  sediments,  the 
commercial  production  of  iodine  from  brine  involves  drilling  on  land. 

As  marine  sediments  have  been  exposed  in  terrestrial  environments  through 
basin  evolution,  these  sediments  have  been  exposed  to  meteoric  water.  The  mixing 
of  fossil  seawater  and  meteoric  water  can  be  verified  based  on  the  concentration  of 
chloride  and  the  composition  of  hydrogen  and  oxygen  isotopes  of  the  water.  Since 
meteoric  water  contains  very  little  iodine  and  methane,  any  iodine  and  natural  gas 
deposits  in  such  exposed  areas  are  destroyed.  Thus,  in  order  to  preserve  these 
iodine  deposits,  limiting  the  invasion  of  meteoric  water  into  these  areas  is  consid¬ 
ered  to  be  important. 
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As  described  earlier,  the  production  of  both  iodine  and  methane  from  gas  brine  is 
restricted  from  the  geologically  young  sediments  near  the  seashore.  Subduction  of 
the  Pacific  Plate  has  moved  the  deposition  center  of  the  Kanto  sedimentary  basin  into 
Tokyo  Bay,  preventing  the  invasion  of  meteoric  ground  water  from  the  western  to 
northern  mountain  areas,  such  as  the  Kanto  and  Ashio  Mountains,  and  ensuring  the 
preservation  of  the  Minami-Kanto  gas  field. 


13.5  PRODUCTION  OF  IODINE  FROM  NATURAL  GAS  BRINE 

In  Japan,  iodine  is  produced  from  natural  gas  brine  by  a  blowing-out  process  and  an 
ion-exchange  process. 


13.5.1  Blowing-Out  Method 

This  method  takes  advantage  of  the  easy  vaporization  property  of  iodine  and  is 
suited  to  processing  brine  at  high  temperature.  The  brine  is  pumped  from  the  wells 
(depth:  500-2000  m)  to  the  brine  pit  to  settle  down  and  remove  sand  and  impurities 
in  the  brine.  The  iodine-rich  brine  is  acidified  with  hydrochloric  acid  or  sulfuric 
acid,  and  the  acidified  brine  is  treated  with  an  oxidizing  agent,  chlorine  or  sodium 
hypochlorite,  to  liberate  iodine.  The  oxidized  brine  diffuses  to  the  top  of  a  blow- 
ing-out  tower  and  the  iodine  vaporizes.  This  vapor  is  then  drawn  into  an  absorption 
tower  where  it  comes  into  contact  with  an  absorbing  agent,  sodium  hydrogen 
sulfite,  which  absorbs,  concentrates,  and  reduces  iodine  to  iodide.  Chlorine  is 
added  to  the  iodide  solution  to  crystallize  the  iodine.  The  resulting  iodine  sludge  is 
fed  to  a  melting  tank,  where  it  is  directly  heated  with  steam  to  120°C,  to  separate 
impurities.  The  molten  iodine  is  transferred  to  the  iodine  storage  tank  for  flaking. 
The  flaker  consists  of  two  water-cooled  cylindrical  drums  made  of  Hastelloy  C, 
an  alloy  that  is  resistant  to  corrosion  by  iodine.  The  molten  iodine  flows  into 
the  trough  formed  by  the  drums,  is  crystallized  in  the  cooled  drum,  and  then 
removed  by  scraping.  Iodine  flakes  are  packed  in  fiber  drums  lined  with  plastic 
bags  (Fig.  13.3  and  13.5a).  An  alternative  refining  process  is  the  prilling  process 
[19].  The  molten  iodine  is  introduced  into  a  prilling  tower  through  a  perforated 
surface  so  as  to  form  a  plurality  of  molten  streams,  which  transform  into  droplets, 
and  then  solidfied  to  prills  by  a  counter-current  flow  of  cold  air  and  atomized 
water.  Prilled  iodine  is  flowable  and  easy  to  handle  (Fig.  13.5b). 


13.5.2  Ion-Exchange  Resin  Method 

Sand  and  impurities  in  the  brine  are  removed  by  settling  and  filtering.  An 
oxidizing  agent,  chlorine  or  sodium  hypochlorite,  is  added  and  the  brine  is  oxi¬ 
dized.  The  resultant  brine  is  passed  through  a  column  packed  with  an  anion- 
exchange  resin  that  adsorbs  the  iodine,  which  is  in  the  form  of  a  polyiodide.  The 
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FIGURE  13.3  Blowing-out  process  of  iodine.  A  view  of  Blowing-out  and  Absorption 
towers  (bottom).  {See  insert  for  color  representation  of  the  figure.) 
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FIGURE  13.4  Ion-exchange  Resin  (lER)  Process  of  iodine.  A  view  of  lER  column  (bottom). 
(See  insert  for  color  representation  of  the  figure.) 
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(a) 


(b) 


FIGURE  13.5  (a)  Iodine  product  (flaked).  Iodine  flake  is  highly  pure  and  low  water  content 

product,  (b)  Iodine  product  (prilled).  Prilled  iodine  is  easy  to  handle  and  dust  free.  {See  insert 
for  color  representation  of  the  figure.  ) 


resin  is  then  removed  and  transferred  to  an  elution  column  where  the  polyiodide 
is  eluted  with  a  sulfite  solution.  Chlorine  is  added  to  the  eluted  solution  and  the 
iodine  crystallized  out.  The  refining  process  is  similar  to  the  blowing-out  method 
(Fig.  13.4). 
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14.1  INTRODUCTION 

Iodine  is  used  by  a  wide  variety  of  industries.  Around  half,  however,  is  used  in 
applications  directly  related  to  human  health,  for  example.  X-ray  contrast  agents, 
biocides,  and  pharmaceuticals.  Most  of  the  remainder  is  used  in  industrial  applica¬ 
tions  including  optical  polarizing  film  for  liquid  crystal  displays  (LCDs),  catalysts, 
heat  stabilizers,  and  the  production  of  fluorine  derivatives.  The  production  of  iodine 
is  limited  mainly  to  the  two  countries  of  Japan  and  Chile  in  South  America,  making 
iodine  an  extremely  limited  precious  resource.  Accordingly,  recovery  of  expensive 
iodine  from  used  iodine-containing  materials  or  iodine  compounds,  and  further,  the 
manufacturing  step  of  iodine-containing  materials  such  as  X-ray  contrast  agents 
and  liquid  crystal  films,  is  very  beneficial  from  the  viewpoint  of  economy,  natural 
environmental  conservation,  and  the  conservation  of  natural  resources.  Many 
iodine  manufacturers  have  recently  focused  on  collecting  and  recycling  iodine 
from  waste  streams  in  view  of  sustainability.  Iodine-containing  materials  dis¬ 
charged  from  production  processes  contain  iodine  in  the  form  of  an  elemental  sub¬ 
stance  or  as  various  organic  or  inorganic  compounds,  and  its  state  also  varies,  for 
example,  waste  liquid,  oil,  and  sludge.  The  reproduction  of  iodine  is  made  possible 
by  utilizing  proper  treatment  suited  to  each  type  of  waste  stream  and  iodine  form 
(Tables  14.1  and  14.2). 

The  recycled  iodine  is  then  used  to  produce  iodine  and  chemical  derivatives.  The 
following  examples  demonstrate  the  methods  of  recovering  iodine  from  waste. 
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TABLE  14.1  Iodine  waste  stream  and  recovery  process 


Posttreatment 

Iodine 

Iodine  waste 

and  iodine 

production 

streams 

Pretreatment 

Deiodination 

recovery 

process 

Iodine-mediated 

Solid-liquid 

High-temperature 

Mineralization 

Blowout 

chemical 

reaction 

separation 

combustion 

Neutralization 

process 

X-ray  contrast 

Solvent 

Catalytic 

Ion  exchange 

Ion-exchange 

agents 

recovery 

decomposition 

resin  process 

Fluorine- 

Concentration 

Multiple 

Concentration 

containing 

polymer 

Decomposition 

Precipitation 

Polarizing  film 

Separation  of 

Membrane 

unreacted 

filtration 

material 

(MF,  UF,  NF) 
Distillation 
Extraction 
Electrodialysis 

TABLE  14.2  Waste  iodine  form  and  recovery  process 


Recovered 

No. 

Waste  iodine 

Iodine  form 

Method 

iodine 

I 

X-ray  contrast  agent 

Arl 

Mineralization,  Ion  exchange 

Nal 

2 

Polarizing  film 

KI 

Nanofiltration 

Electrodialysis  exchange 

KI 

3 

Organic  iodides 

RI 

Combustion 

Nal 

4 

Inorganic  iodides 

Metl 

Eiltration,  Ion  exchange 

Nal 

14.2  IODINE  WASTE  FROM  X-RAY  CONTRAST  AGENTS 

The  most  modern  contrast  agents,  that  is,  the  nonionic  ones,  are  usually  2,4,6-triiodo- 1,3- 
benzenedicarboxylic  acid  derivatives  [1],  characterized  by  a  strong  bond  of  the  iodine 
atoms  to  the  aromatic  ring.  The  strength  of  the  iodine  bond  is,  however,  also  affected 
by  the  structure  of  the  concerned  compound.  Iodine,  in  fact,  has  to  be  recovered 
from  effluents  and  waste  streams  for  the  production  of  2,4,6-triiodo- 1,  3-benzenedi- 
carboxylic  acid  derivatives  due  to  environmental  reasons.  The  waste  solution  from 
the  X-ray  contrast  agent  production  process  [1]  is  mineralized  using  CuSO^  at  first. 
The  solution  is  then  alkalized  with  NaOH  and  heated  for  several  hours.  After  miner¬ 
alization,  the  solution  is  concentrated  until  the  solution  weight  becomes  half  the 
initial  weight.  The  resulting  solution  is  filtered  with  a  nano  filtration  membrane 
(Fig.  14.1)  to  obtain  the  iodides  in  the  permeate  while  retaining  copper.  The  recovery 
of  iodine  after  mineralization  is  carried  out  by  the  oxidation  of  iodides  to  molecular 
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FIGURE  14.1  Membrane  filtration.  MF,  micro  filtration:  0.1-1  [tm;  NF,  nano  filtration: 
0.001-0.01  pm;  RO,  reverse  osmosis:  0.0001-0.001  pm;  UF,  ultra  filtration:  0.01-0.1  pm. 


iodine  according  to  known  methods  used  for  iodine  production  (see  Chapter  13).  The 
resulting  retentate  is  percolated  on  a  chelating  resin,  such  as  Amberlite  IRC748,'  for 
removing  copper  ion  and  is  then  discharged. 


14.3  IODINE  WASTE  FROM  POLARIZING  FILMS 

Commercial  polarizing  films  have  been  produced  from  poly  vinyl  alcohol  (PVA)  and 
are  usually  prepared  by  soaking  PVA  films  in  I^/KI  solution  with  boric  acid  and  by 
subsequent  drawing  to  cause  a  high  degree  of  uniaxial  orientation.  The  PVA/I^  com¬ 
plex  film  is  used  as  optical  polarizing  film  for  high-quality  LCDs.  The  waste  fluid  in 
polarizing  film  production  contains  iodine,  potassium  iodide,  and  boronic  acids  [2]. 
The  waste  fluid  is  neutralized  or  acidified  to  pH  7  or  less  and  then  subjected  to  elec¬ 
trodialysis  to  separate  iodine  as  potassium  iodide  to  reduce  the  total  amount  of  iodine 
in  the  waste  fluid.  After  the  electrodialysis,  the  waste  fluid  is  passed  through  a 
strongly  basic  anion-exchange  resin  to  further  reduce  the  total  amount  of  iodine  in 
the  waste.  Then,  iodine  is  recovered  from  the  electrodialysis  eluent  and  the  ion- 
exchange  resin  eluent.  The  recovery  of  iodine,  from  the  electrodialysis  eluent  and  the 
ion-exchange  resin  eluent,  is  carried  out  by  oxidation  of  iodides  to  molecular  iodine 
according  to  known  methods  used  for  iodine  production  (see  Chapter  13,  Fig.  14.2). 


^  AMBERLITE™  IRC748  is  an  iminodiacetic  acid  chelating  cation-exchange  resin  with  high  selectivity 
for  calcium,  magnesium,  copper  (II),  and  strontium  in  chloralkali  brines,  for  removing  metals  from 
solutions. 
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FIGURE  14.2  Electrodialysis  system  and  ion-exchange  resin  tower. 


14.4  IODINE  WASTE  FROM  THE  INDUSTRY 

Iodine  and  iodine  compounds  are  often  used  as  a  catalyst  in  dehydrogenation,  depro¬ 
tection,  or  isomerization  of  organic  substances.  It  is  well-known  that  iodine,  when 
absorbed  into  the  human  system,  may  cause  various  toxic  symptoms,  and  iodine 
compounds,  such  as  methyl  iodide  and  ethyl  iodide,  which  are  usually  generated  dur¬ 
ing  various  chemical  reactions  in  the  presence  of  iodine,  are  poisonous  to  the  human 
body.  Therefore,  at  chemical  plants  that  use  iodine  as  a  catalyst  for  reaction  of  organic 
substances,  there  exist  problems  that  require  immediate  attention.  Iodine  should  be 
recovered  on  an  economical  basis.  Such  recovery  from  plant  waste  will  aid  and  con¬ 
trol  pollution  problems.  A  conventional  process  for  recovering  iodine  from  waste 
material  containing  iodine  or  iodine  compounds  consists  of  burning  waste  material  in 
a  combustion  chamber  [3],  thereby  producing  a  combustion  gas  containing  iodine, 
passing  the  combustion  gas  through  a  basic  aqueous  solution  of  sodium  thiosulfate  to 
react  the  iodine  to  produce  sodium  iodide,  and  recovering  molecular  iodine  from 
iodide,  which  is  carried  out  according  to  known  methods  used  for  iodine  production 
(see  Chapter  13,  Fig.  14.3). 


14.5  SUMMARY 

The  demand  for  iodine  has  grown  significantly  over  the  past  10  years.  Most  of  this 
has  comes  from  optical  polarizing  films  for  LCDs.  Medical  needs  have  also  been 
increasing  in  recent  years  in  emerging  economies  such  as  China  and  India.  However, 
a  significant  increase  in  the  production  of  iodine  cannot  be  expected,  because  of  the 
land  subsidence  that  is  accompanying  iodine  mining  in  Japan.  To  achieve  the  new 
large-scale  production  of  iodine  in  Chile,  a  pipeline  has  to  be  laid  from  the  seashore 
to  the  inland  desert  where  iodine  ore  is  found,  since  the  amount  of  groundwater  taken 
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is  strictly  restricted  to  preserve  groundwater  supplies.  Therefore,  it  is  very  important 
that  iodine  manufacturers  construct  not  only  an  efficient  production  system  of  iodine 
but  also  a  system  for  recovering  and  recycling  iodine  from  waste  streams. 
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lodinating  reagents  are  one  of  the  strong  tools  for  the  synthesis  of  organoiodine  com¬ 
pounds,  and  a  number  of  efficient  reagents  and  their  synthetic  applications  have  been 
developed.  Usually,  iodinations  can  be  performed  by  using  electrophilic  iodinating 
reagents  and  nucleophilic  iodinating  reagents.  Radical  species-mediated  iodination 
reactions  have  also  been  reported.  Iodine  is  a  soft  species  with  a  large  molecular  size; 
it  is  easily  polarizable  and  low  in  electronegativity.  As  such,  iodinating  reagents  are 
used  for  the  addition  to  unsaturated  bonds  such  as  in  alkene,  alkyne,  aryl,  heteroaryl 
compounds,  for  electrophilic  substitution  in  metal  carbanions,  and  for  nucleophilic 
substitution  from  iodide  ions  such  as  metal  iodides.  In  this  chapter,  the  chemical 
character  of  iodinating  reagents  and  their  usages  are  described. 


15.1  MOLECULAR  IODINE 

Molecular  iodine  is  the  most  popular  iodinating  reagent  and  is  widely  used  in  organic 
synthesis  [1].  Various  synthetic  applications  have  been  reported  and  some  additives 
efficiently  enhance  the  reactivity  of  reaction  substrates.  Iodine  is  electrophilic  and 
can  react  with  various  nucleophiles.  In  the  reaction  of  iodine  with  alkene,  three- 
membered  iodonium  ions  are  formed  as  an  intermediate  (Scheme  15.1).  This 
chemical  species  has  an  electrophilic  character,  and  1,2-diiodidated  compound  is 
formed  by  the  addition  of  iodide  anion  to  it  (Scheme  15.1)  [1]. 
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SCHEME  15.2 


SCHEME  15.3 


If  other  nucleophiles  are  present,  nucleophiles  are  added  instead  of  iodide  ion 
(Scheme  15.2).  In  these  reactions,  some  additives  such  as  copper(II)  salts  [2,  3]  or 
ammonium  cerium(IV)  nitrate  (CAN)  [4]  are  often  used  with  alcohols  [2,  4],  or 
carboxylic  acids  [3],  and  amides  to  give  corresponding  vicinal  iodoalkanes. 

Examples  are  the  acetoxy-  and  alkoxyiodination  of  5-a-cholest-2-ene  using 
molecular  iodine  and  Cu(OAc)2  [3]  or  CAN  [4].  The  trans  addition  to  the  olefin 
moiety  occurs  and  the  related  steroidal  frani-iodoacetate  is  given  (Schemes  15.3  and 
15.4). 

The  same  reactions  using  CAN  under  various  solvents  are  investigated 
(Scheme  15.4)  [4].  Methanol,  ethanol,  and  fert-butanol  are  used  as  a  solvent,  and  when 
the  reaction  is  in  methanol,  the  corresponding  steroidal  iodomethoxide  is  formed 
(Table  15.1).  While  in  ethanol,  the  reaction  successfully  proceeds,  but  the  yield  is 
slightly  decreased  compared  with  using  methanol.  When  using  ferf-butanol,  the 
nitrite  ion  is  added  to  the  steroidal  olefin  instead  of  fert-butanol  to  afford  the  nitrato- 
iodinated  compound  (Table  15.1).  Acetic  acid  is  used  as  a  solvent;  the  result  is  sim¬ 
ilar  to  the  reaction  employing  Cu(OAc)j.  In  the  reaction  system  using  CAN,  all  the 
steroidal  iodoalkoxides  have  trans  configuration  (Scheme  15.4). 

Y,6-  or  6,e-Unsaturated  carboxylic  acids  [5]  and  their  amide  derivatives  [6]  are 
cyclized  under  the  presence  of  molecular  iodine  and  a  base.  This  iodolactonization 
process  is  performed  by  intramolecular  nucleophilic  attack  from  the  carboxylic  acid 
moiety  to  an  iodonium  ion  generated  by  the  action  of  iodine  to  a  double  bond  of  the 
unsaturated  carboxylic  acid  (Scheme  15.5)  [5]. 
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SCHEME  15.4 


TABLE  15.1  Addition  of  iodoalkoxides  to  the  steroidal  olefin 


Solvent 

Temp  (“C) 

Yield  (%) 

Substituent  (RO  ) 

MeOH 

50 

70 

MeO 

EtOH 

50 

65 

EtO 

'BuOH 

reflux 

45 

NO, 

AcOH 

50 

86 

AcO 

I2,  KI,  NaHCOj 


1+ 


O 


O 


SCHEME  15.5 


100% 


Cl  Cl 

\  —  / 


h 

1 ,2-dichloroethane 
83°C,  120  h 

SCHEME  15.6 


I 


I 

86% 


As  with  the  reaction  of  alkenes,  molecular  iodine  can  add  to  alkynes  to  afford 
diiodides  [7].  The  reactivity  of  iodine  to  alkynes  is  lower  compared  to  that  of  alkenes. 
To  achieve  the  addition  to  them,  this  reaction  requires  high-temperature  conditions 
and  long  reaction  time  (Scheme  15.6). 

With  the  addition  of  iodine  to  alkylphenylacetylenes  in  the  presence  of  CuCl^,  iodo- 
chlorination  proceeds  and  iodochlorinated  alkenes  are  given  with  high  E  selectivity  [8]. 
This  addition  is  regiospecific  and  chlorine  atom  is  introduced  at  the  a-carbon  of  the 
phenyl  group  (Scheme  15.7). 

Generally,  direct  iodination  of  aromatic  rings  using  molecular  iodine  needs  the 
mixture  of  nitric  acid  and  sulfuric  acid  as  a  solvent  due  to  its  mild  electrophilic 
character  [9].  This  synthetic  method,  named  the  Tronov-Novikov  method,  is  carried 
out  at  room  temperature  or  reflux  conditions  and  iodoaromatic  compounds  are 
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CH3CN,  82°C,  5  h 
95% 


Ph  I  Ph 

\  /  \  / 

C=C  +  C=c 

Cl^  ^'Bu  c/  ''I 


(£:Z=  90:10) 


SCHEME  15.7 


h 

HNO3-H2SO4,  r.t. 
97% 
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CH3 


H3C 


H3C 


I 


R 


SbClj,  I2 
CCI4,  76°C 


R  =  H,  CH3O,  CH3,  F, 
Cl,  Br,  COOC2H5 


SCHEME  15.9 


TABLE  15.2  Aromatic  iodination  using  SbClj  and  molecular  iodine 


Substituent  in  R-Ph 

Time  (min) 

Isomer  distribution  of  R-Phl 

0-  m-  p- 

Yield  (%) 

H 

30 

— 

— 

— 

84 

CH3 

30 

58 

0 

42 

96 

CH3O 

30 

0 

0 

100 

75 

F 

30 

2 

0 

98 

74 

COOEt 

300 

0 

100 

0 

48 

obtained  in  moderate  to  excellent  yields  (Scheme  15.8).  When  reactions  at  high  tem¬ 
perature  or  electron-rich  aromatic  rings  are  employed,  diiodinated  compounds  are 
often  obtained  [9]. 

For  iodination  of  aromatic  rings,  some  additives  are  used  as  activators  with  molec¬ 
ular  iodine  to  achieve  electrophilic  substitution  reactions  of  an  iodide  ion  to  aromatic 
rings  [10-14].  Equimolar  mixtures  of  SbCl^  [10]  and  iodine  are  used  for  aromatic 
iodination  of  certain  aromatic  rings,  and  the  desired  iodinated  compounds  are 
obtained  with  para  regioselectivities  preferentially  except  that  ethyl  benzoate  and 
toluene  are  employed  (Scheme  15.9  and  Table  15.2).  When  using  ethyl  benzoate, 
which  is  an  electron-poor  aromatic  ring,  the  iodination  occurs  at  the  meta  position 
and  the  product  yield  is  lower  (Table  15.2). 
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R 


CuCl2, 12,  AICI3  or  AII3 

neat,  reflux 
65-100% 


R  =  H,  CH3,  F,  Cl,  Br,  I,  CH3O 

SCHEME  15.10 


para-preferential 


„(H3C) 


m  =  2-4 


I2,  CAN,  «Bu4NI 

CH3CN,  reflux 
54-74% 


„(H3C)  ^ 


„(H3C)  ■ 


m  =  3-5 


Cu(OAc)2,  I2 

AcOH,  reflux 
70-89% 


SCHEME  15.11 


„(H3C) 


HO 


O 


I2,  NaOMe 
(under  nitrogen) 

MeOH,  0°C 
58% 


SCHEME  15.12 


Copper(II)  salts  act  to  be  activators  for  electron-rich  aromatic  rings;  CuClj  is  well 
used  for  this  purpose  [11,  12].  In  this  reaction  system,  polymethylbenzenes  afford 
good  results,  whereas  the  reactivities  to  xylenes  and  toluene  are  not  sufficient.  To 
solve  such  a  problem,  some  Lewis  acids  are  used  with  CuClj  to  enhance  the  reactiv¬ 
ities  of  aromatic  rings  [12].  Benzene,  toluene,  and  xylenes  can  react  with  molecular 
iodine  in  the  presence  of  CuCl^  and  AICI3  or  All^  to  give  the  corresponding  iodinated 
compounds  in  good  yield  (Scheme  15.10). 

Polymethylbenzenes,  which  are  strong  electron-rich  aromatic  rings,  are  good 
electrophiles  for  iodination.  Some  efficient  additives  like  CAN  [13]  and  Cu(OAc)2 
[14]  are  well  used  for  their  direct  iodination  reactions  (Scheme  15.11). 

Molecular  iodine  can  also  replace  a-hydrogen  of  carbonyl  compounds  to  iodine  in 
the  presence  of  a  base  (Scheme  15.12)  [15].  Enolates  prepared  from  ketones,  alde¬ 
hydes,  or  carboxylic  acid  derivatives  under  basic  conditions  react  with  molecular 
iodine  to  afford  related  a-iodinated  carhonyl  compounds  [16]. 

When  iodination  of  ketones  such  as  methyl  ketone  derivatives,  iodoform  is 
obtained,  which  named  Lieben  iodoform  reaction  is  a  method  for  the  detection  of 
the  methyl  carbonyl  group.  On  the  other  hand,  when  alkyl  ketones  except  methyl 
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Li 

l-CeHii  -N-CH(CH3)2 

2.  h 

THF,  -78°C 
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CH3  O 
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Cu(OAc)2,  I2 


AcOH,  60°C 
100% 


o 


I 


o 

C4H5-CH2-C-CH3 


Cu(OAc)2.  I2 
AcOH,  60°C 


O 

►  C4Hg-CH2-C-CH2-I 
58% 

SCHEME  15.14 


+ 


I  O 

I  II 

C4H9  -CH-C-CH3 
42% 


ketone  are  employed,  a-iodination  successfully  proceeds  to  give  the  related 
a-iodinated  ketones. 

a-Iodinated  esters  are  synthesized  by  the  reaction  of  lithium  enolates  with  molec¬ 
ular  iodine  [16].  Lithium  A-isopropylcyclohexylamide  is  an  effective  base  to  prepare 
lithium  enolates,  and  the  iodination  generally  proceeds  providing  good  yield 
(Scheme  15.13). 

a-Iodination  of  carbonyl  compounds  with  molecular  iodine  under  acidic  condi¬ 
tions  is  accomplished  by  using  copper(II)  salts  [17]  or  CAN  [18,  19].  The  reaction 
involves  Cu(OAc)2  and  molecular  iodine  in  acetic  acid,  in  which  various  ketones  can 
be  converted  to  related  a-iodinated  ketones  [17].  When  using  symmetrical  ketones, 
only  a  mono-iodinated  product  is  formed  (Scheme  15.14),  while  when  asymmetrical 
ketones  are  employed,  two  iodinated  products  are  formed  (Scheme  15.14). 

The  CAN-assisted  a-iodination  of  ketones  is  more  regioselective  (Scheme  15.15  and 
Table  15.3)  [19].  Iodination  of  2-heptanone  in  methanol  at  25°C  proceeds  the  Cl  regi- 
oselectively,  and  l-iodo-2-heptanone  is  obtained  as  the  sole  product.  Even  when  the 
same  reaction  proceeds  at  50°C,  the  Cl  adduct  is  predominantly  obtained.  The  regiose- 
lectivities  of  this  reaction  is  dramatically  varied  by  the  choice  of  alcohol  solvents  and  the 
reaction  temperature  (Table  15.3).  The  amount  of  C3  adduct  is  increased  by  using  bulky 
solvents  such  as  ethanol  and  propanol  and  high  reaction  temperatures  (Table  15.3). 

It  is  known  that  the  cerium  ion  forms  a  cerium-alcohol  complex  in  alcohol  sol¬ 
vents,  and  it  coordinates  to  a  carbonyl  group  of  ketones  to  enolize  predominantly 
toward  the  C3  position;  the  attack  of  the  iodide  ion  at  the  C3  position  occurs  there¬ 
after  [19].  However,  due  to  the  bulkiness  of  the  alkoxy  group,  it  is  very  difficult  to 
attack  the  iodide  ion  at  the  C3  position.  Therefore,  it  would  seem  that  the  iodide  ion 
attacks  the  Cl  position. 
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O 

C4H§  -CH2-C-CH3 


I2,  CAN 
Alcohol,  Temp 


O 

C4H5-CH2-C-CH2-I  + 

Cl -adduct 


I  O 

I  II 

C4H9-CH-C-CH3 

C3-adduct 


SCHEME  15.15 


TABLE  15.3  Regioselectivities  of  a-iodination  of  ketones  in  alcohols 


Solvent 

Temp  CO 

Yield  (%) 

Product  ratio  (Cl :  C3) 

MeOH 

25 

62 

0:100 

EtOH 

25 

51 

21:79 

"PrOH 

25 

47 

8:92 

MeOH 

50 

73 

8:92 

EtOH 

50 

88 

64:36 

"PrOH 

50 

95 

71:29 

OSiMe3  l.AgOAc,  I2 
2.  Et3NHF 

CH2CI2 
83% 

SCHEME  15.16 


Enol  acetate  and  enol  silyl  ethers  of  ketones  are  also  a-iodinated  with  molecular  iodine 
and  some  metal  salts.  There  are  certain  cholestane  derivatives  whose  enol  acetates  are 
iodinated  in  the  presence  of  Cu(OAc)2  in  acetic  acid  [17].  Similarly,  enol  silyl  ethers  of 
ketones  are  iodinated  by  molecular  iodine  with  silver  acetate  [20]  (Scheme  15.16). 

In  these  reactions,  related  enols  are  directly  iodinated  with  retention  of  the  config¬ 
uration  of  their  enol  conformations.  Thus,  this  synthetic  method  is  useful  to  get 
designed  a-iodinated  ketones  due  to  be  able  to  introduce  from  related  enol  ketone 
derivatives. 

The  a-position  of  carboxylic  acids  can  be  substituted  by  an  iodine  atom  by  using 
molecular  iodine  with  copper  salts  [21].  Various  copper(II)  salts  can  be  used  for  this 
transformation;  a  mixture  of  CuCl  and  CuCl^  is  most  effective  in  enhancing  the  reac¬ 
tivity  of  carboxylic  acids  (Scheme  15.17). 

Molecular  iodine  is  a  soft  electrophile  and  is  conveniently  used  as  a  quenching 
reagent  for  metal  carbanions  [22].  Aryl  [23]  and  heteroaryl  [24]  lithium  compounds 


IODINE  CHLORIDE 


259 


NHAc 
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ICl,  In(OTf)3 


CH3CN,  r.t.,  0.5  h 
79% 


ICl,  In(OTf)3 

CH3CN,  0°C,  1  h 
70% 


ICl,  In(OTf)3 

CH3CN,  r.t.,  12  h 
80% 
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Ph  H 


H  CH(OMe)2 


I-N3 

(ICl  +  NaN3) 

CH3CN,  0°C 
97% 

SCHEME  15.22 


Ph  I 


N3  CH(OMe)2 


15.2  IODINE  CHLORIDE 

Iodine  chloride  is  one  of  the  interhalogens,  and  it  used  for  electrophilic  iodinating 
reagents.  Similar  interhalogen  compounds  such  as  iodine  bromide  and  iodine  fluoride 
cannot  be  used  as  an  iodinating  reagent  because  of  not  being  sufficient  electrophilic. 
The  reactivity  of  iodine  chloride  is  similar  to  molecular  iodine.  However,  the  electro- 
philicity  of  iodine  chloride  is  higher  than  that  of  molecular  iodine,  which  enables 
some  iodination  under  milder  reaction  conditions.  Direct  aromatic  iodination  using 
iodine  chloride  proceeds  smoothly  by  adding  In(OTf)j  as  an  activator  at  room  tem¬ 
perature  (Scheme  15.21)  [28]. 

As  mentioned  in  Chapter  15.1,  direct  iodination  of  aromatic  rings  with  molecular 
iodine  requires  acidic  and  reflux  conditions  and  is  limited  to  only  electron-rich  aro¬ 
matic  rings.  However,  the  method  using  ICl/In(OTf)j  system  is  applicable  to  various 
aromatic  rings  and  yields  the  desired  iodoaromatic  compounds  under  mild  condi¬ 
tions  and  shorter  reaction  time  even  when  electron-poor  aromatic  rings  are  employed 
(Scheme  15.21). 

Iodine  chloride  is  often  used  for  the  preparation  of  other  iodinating  reagents  and 
iodine  azide,  which  is  prepared  from  iodine  chloride  and  sodium  azide  [29].  The 
reaction  of  iodine  azide  with  alkenes  proceeds  via  the  three-membered  iodonium 
cation  intermediate,  and  an  azide  ion  is  nucleophilically  attacked  from  another  side 
to  the  iodonium  cation  (Scheme  15.22). 
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It  is  known  that  the  C5-position  of  uracil  is  iodinated  by  various  iodinated  reagents. 
When  using  molecular  iodine  as  an  iodine  donor,  CAN  [30]  and  Ag^SO^  [31]  are 
often  used  for  activation  of  the  uracil  base.  However,  iodine  chloride  directly  intro¬ 
duces  the  iodine  atom  at  the  C5  position  of  uracil  without  any  activator  (Scheme  15.23) 
[32]. 

Iodine  chloride  cleaves  a  carbon-boron  [33]  and  carbon-silyl  [34]  bond  and 
inserts  an  iodine  atom  to  form  new  iodine-carbon  bonds.  Vinylboronic  acids,  which 
are  readily  prepared  via  the  hydroboration  of  terminal  alkynes,  are  converted  to 
the  related  vinyl  iodide  by  iodine  chloride  (Scheme  15.24).  Silyl  groups  of  arylsi- 
lanes  are  directly  replaced  with  an  iodine  atom  by  the  action  of  iodine  chloride 
(Scheme  15.24). 


15.3  A-IODOSUCCINIMIDE 

A-Iodosuccinimide  (NIS)  is  an  electrophilic  iodinating  reagent  and  is  used  to  iodinate 
various  substances  similar  to  molecular  iodine.  The  iodinating  property  of  NIS  is 
better  than  that  of  molecular  iodine,  and  it  is  often  chosen  as  an  iodinating  reagent 
instead  of  molecular  iodine  when  its  reactivity  is  insufficient.  A  number  of  iodination 
reactions  using  NIS  have  been  reported  and  alkenes,  hetero  aromatic  rings,  and  the 
a-position  of  ketones  are  successfully  iodinated.  Addition  of  acetic  acid  to  a  glycal  in 
the  presence  of  NIS  regiospecifically  proceeds  to  produce  a  p-acetoxy-a-iodotetra- 
hydrofuran  derivative  as  a  main  isomer  (Scheme  15.25)  [35]. 
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In  this  reaction,  NIS  is  favored  to  approach  from  the  p-face  of  the  glycal  due  to  its 
steric  hindrance  and  the  subsequent  attack  of  the  acetoxy  ion  occurs  from  the  a-face, 
yielding  the  desired  product  with  high  stereoselectivity  (Scheme  15.25).  In  the  same 
manner,  the  2',3'-deoxythymidine  analogue  is  given  by  using  a  pyrimidine  base 
(Scheme  15.26)  [35]. 

lodolactonization  using  NIS  successfully  cyclizes  to  produce  the  desired  cyclic 
iodine  compounds  with  stereospecificity  [36,  37].  As  in  the  case  of  molecular 
iodine,  this  reaction  proceeds  via  formation  of  the  three-membered  iodonium  ion 
as  an  intermediate.  As  shown  Scheme  15.27,  lodolactonization  of  alkylidenecy- 
clopropyl  esters  with  NIS  affords  the  desired  4,5-trans  adducts  with  high  stere¬ 
oselectivity  regardless  of  the  stereochemistry  of  the  starting  material 
(Scheme  15.27)  [37]. 

Electrophilic  iodocyclizations  of  3-aza-l,5-enynes  [38],  p,Y-alkynylketones  [39], 
and  3-silyloxy-l,5-enynes  [40]  are  achieved  by  induction  of  NIS  under  metal-free 
conditions  (Scheme  15.28).  The  plausible  mechanism  of  these  cyclizations  is  that  the 
iodonium  cation  intermediates  are  generated  by  attack  of  the  iodonium  ion  on  the 
alkyne  moiety  and  subsequent  intramolecular  nucleophilic  substitutions  lead  to  the 
corresponding  cyclized  compounds  [38-40]. 
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a-Iodination  of  ketones  can  be  achieved  using  NIS  under  mild  and  catalyst-free 
conditions,  with  a-iodinated  ketones  being  obtained  in  good  to  excellent  yields  [41]. 
Cyclic  ketones  and  lactams  are  generally  iodinated  by  NIS  to  afford  a-iodinated 
cyclic  ketones  and  lactones  (Scheme  15.29).  An  active  methylene  proton  of  1,3-dicar¬ 
bonyl  compounds  such  as  1,3-diketones,  p-keto-esters,  and  malonic  esters  is  directly 
replaced  with  an  iodine  atom  (Scheme  15.29). 

a-Iodoenones  are  obtained  by  the  reaction  of  enones  with  NIS  in  an  acetic  acid 
solvent  (Scheme  15.30)  [42].  In  addition,  iodination  at  the  C5  position  of  a  pyrimidine 
base  of  nucleosides  is  performed  by  NIS  in  ionic  liquids  such  as  1-methoxyethyl- 
3-methylimidazolium  methanesulfonate  ([MoeMIm][]VIs]),  and  the  5-iodopyrimidine 
nucleosides  are  obtained  in  good  yield  (Scheme  15.30)  [43]. 

NIS  is  dramatically  activated  by  using  triflic  acid  [44]  or  BF^-HjO  [45]  and  allow¬ 
ing  the  iodination  of  deactivated  aromatic  rings  (Scheme  15.31).  It  is  believed  that  a 
protosolvated  iodine  species  is  generated  in  situ  and  acts  as  a  superelectrophilic  iodo- 
nium  ion. 

Iodination  of  aromatic  compounds  via  C-H  bond  activation  is  achieved  by  using 
NIS  as  an  oxidant  [46,  47].  Pd  complexes  show  good  performance  in  activating  the 
C-H  bond  and  subsequent  replacement  with  the  C-I  bond  (Scheme  15.32)  [46]. 
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as  a  by-product,  which  can  be  easily  removed  by  aqueous  extraction.  Anisole  is  rap¬ 
idly  iodinated  by  DIH  at  20°C  for  10  min,  and  the  amount  of  DIH  needed  to  complete 
the  iodination  is  0.5  equivalents  (Scheme  15.33)  [49]. 

Enol  acetates  are  iodinated  by  DIH  under  metal  catalyst-free  conditions,  and  the 
desired  a-iodo  ketones  are  obtained  in  good  yield  (Scheme  15.34)  [50].  DIH  is  an 
efficient  iodination  reagent  and  various  unreacted  aromatic  rings  are  easy  to  iodinate, 
whereas  DIH  has  the  disadvantage  of  limited  solubility  for  aprotic  solvents  [48],  and 
in  some  cases,  it  reacts  with  solvents  [49,  50]. 


15.5  A-IODOSACCHARIN 

A-Iodosaccharin  is  a  mild  electrophilic  iodinating  reagent  that  is  chemically  stable 
and  soluble  in  common  polar  organic  solvents  [51].  A-Iodosaccharin  can  convert  var¬ 
ious  alkenes  and  activated  aromatic  rings  into  corresponding  iodinated  compounds 
(Scheme  15.35).  In  addition,  A-iodosaccharin  is  an  efficient  reagent  to  synthesize 
benzyl  and  allyl  iodides  from  the  corresponding  alcohols. 

As  shown  in  Scheme  15.35,  A-iodosaccharin  reacts  with  an  aniline  derivative  to 
afford  p-iodinated  product  with  site  selectively  [51].  Moreover,  A-iodosaccharin 
smoothly  iodinates  alkenes  to  afford  the  corresponding  adducts  of  iodine  in  good 
yields  (Scheme  15.36)  [51].  It  is  noted  that  additions  follow  the  Markovnikov  rule 
with  very  high  regioselectivity. 

A-Iodosaccharin  yields  a-iodinated  ketones  by  reacting  with  1,3-dicarbonyl  com¬ 
pounds  or  enol  acetates  (Scheme  15.37)  [52].  This  iodination  proceeds  under  mild 
conditions  without  any  additives,  and  the  reaction  is  completed  in  a  short  time. 
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- ►  PhCH2-I  -  PhCH2-OSiMe3 

CH3CN,  reflux,  CH2CI2,  r.t., 

70  min,  79%  100  min,  90% 
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The  most  remarkable  property  of  A-iodosaccharin  is  that  various  alcohols  are 
directly  iodinated  in  the  presence  of  triphenylphosphine  [53],  Thus,  iodinations  of 
allylic  and  benzylic  alcohols  are  carried  out,  with  good  yields  being  obtained 
(Scheme  15.38).  Furthermore,  1-adamantol  is  also  iodinated  in  refluxing  acetonitrile 
to  produce  1-iodoadamantane  (Scheme  15.38). 

Some  hydroxyl  group-protected  alcohols  can  be  directly  iodinated  by  the  reaction 
with  A-iodosaccharin  (Scheme  15.39)  [54].  This  iodination  is  a  convenient  synthetic 
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method  due  to  easily  prepared  iodinated  compounds  from  alkoxysilanes  or  alkyl- 
oxytetrahydropyrans  without  deprotection  (Scheme  15.39). 


15.6  BIS(PYRIDINE)IODONIUM  TETRAFLUOROBORATE 

Bis(pyridine)iodonium  tetrafluoroborate  (IPy^BF^),  often  referred  to  as  Barluenga’s 
reagent,  is  a  mild  iodonium  source  and  can  be  used  as  an  electrophilic  iodinating 
reagent  [55].  IPy^BF^  is  a  chemically  stable  solid  and  is  soluble  in  both  organic  and 
aqueous  solvents.  Due  to  these  advantages,  its  reactivity  has  been  widely  studied,  and 
a  number  of  synthetic  applications  have  been  developed  [55,  56].  IPy^BF^  reacts  with 
unsaturated  bonds  such  as  alkenes  [57],  alkynes  [58],  and  aromatic  rings  [59-61]  to 
iodinate  in  a  manner  similar  to  other  iodinating  reagents.  In  the  reaction  of  IPy^BF^ 
with  alkenes  in  the  presence  of  two  equivalents  of  HBF^,  vicinal  fluoroiodoalkanes 
are  obtained  with  regioselectivity  (Scheme  15.40)  [57]. 

This  reaction  proceeds  with  the  Markovnikov’s  rule  for  addition  of  electrophilic 
iodine  to  alkenes  (Scheme  15.40).  The  acid  HBF^  is  an  essential  additive  to  neutralize 
pyridine  and  liberates  the  iodonium  source. 

IPy^BF^  can  also  react  with  alkynes  to  afford  1 ,2-iodofunctionalized  alkenes  [58]. 
The  regioselectivity  of  this  reaction  depends  on  the  substituents  of  the  alkynes  and 
the  nucleophilicity  of  the  nucleophiles.  In  reactions  using  terminal  alkynes,  anti¬ 
addition  products  are  obtained  [58].  While  using  internal  alkynes  with  stronger 
nucleophiles  (I“),  syn-addition  proceeds,  and  with  weaker  ones  (CH^COOH, 
HCOOH,  Cl”,  pyridine),  anti-addition  products  are  given.  Furthermore,  a  mixture  of 
syn-  and  anti-adducts  is  produced  by  the  reactions  of  borderline  nucleophiles  (Br”) 
with  internal  alkynes  or  by  using  internal  alkynes  having  a  bulky  group  [58]. 

Monoiodination  of  aromatic  rings  is  achieved  by  the  reaction  of  IPy^BF^  with  aro¬ 
matic  rings  in  the  presence  of  HBF^  [59,  60]  or  CF^SO^H  [59-61]  with  excellent 
regioselectivity.  HBF^  is  suitable  for  activated  aromatics,  and  CF^SO^H  is  much  more 
effective  for  iodinating  deactivated  aromatics  (Scheme  15.41)  [60]. 

The  a-position  of  enamines  is  directly  iodinated  by  the  action  of  IPy^BF^  at  room 
temperature  [62].  Various  enamines  are  generally  used  for  a-iodination,  and  the 
desired  a-iodoenamines  are  obtained  in  excellent  yields  even  when  tertiary  enamines 
are  employed  (Scheme  15.42). 


SCHEME  15.40 


BIS(PYRIDINE)IODONIUMTETRAFLUOROBORATE 
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IPy^BF^  is  an  efficient  reagent  to  perform  heterocyclization  under  metal-free  con¬ 
ditions  [63-66].  Scheme  15.43  shows  that  some  2-alkynyl  aromatics  are  successfully 
cyclized  and  the  desired  cyclic  compounds  are  given  [63,  65]. 

In  some  of  the  most  remarkable  results  of  this  reaction,  Al-unprotected  2-alkynyl 
anilines  are  effectively  cyclized  to  produce  M-free  3-iodoindoles  [63].  Easy  access  to 
isoquinolines  is  accomplished  by  using  2-alkynyl  benzyl  azides  and  IPy^BF^  under 
low  temperature.  NIS  can  also  be  used  for  this  cyclization,  but  it  needs  to  be  carried 
out  at  50°C  to  cyclize  them  [65]. 

The  carbon-silyl  bond  of  vinylsilanes  is  easily  replaced  with  the  carbon-iodo 
bond  by  the  action  of  IPy^BF^  in  the  presence  of  two  equivalents  of  HBF^  [67]. 


CH3 


IPY2BF4,  2  HBF4 


CH2CI2,  r.t.,  15  min 
80% 


IPY2BF4,  2  CF3SO3H 


CH2Cl2,r.t.,14h 

82% 
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CH2CI2,  r.t.,  2  h 
94% 
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IPY2BF4,  HBF4 

CH2CI2,  -80°C,  8  h 
75% 


IPY2BF4,  HBF4 


CH2CI2,  -78°C 
67% 


NO2 
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Transformation  of  Zs-vinylsilanes  into  the  £-isomer  of  vinyliodides  is  carried  out  at 
25°C,  while  for  the  same  transformation  using  Z-vinylsilanes,  the  reaction  is  carried 
out  at  -60°C  to  give  the  Z-isomer  (Scheme  15.44)  [56].  This  reaction  proceeds  ste- 
reospecifically  and  affords  the  desired  vinyliodides  with  retention  of  configuration. 


15.7  OTHERS 

Other  electrophilic  iodinating  reagents  not  mentioned  earlier  have  been  developed. 
Benzyltrimethylammonium  dichloroiodate  (BTMA  ICl^)  [68]  and  pyridinium  iodo- 
chloride  (PylCl)  [69]  are  used  for  iodination  of  aromatic  rings.  In  addition,  1-chloro- 
2-iodoethane  [70-72]  has  soft  electrophilicity  and  is  used  as  an  efficient  iodide  donor 
to  aromatic  and  thermally  stable  carbanions. 

BTMA  IClj  is  a  chemically  stable  solid  having  higher  reactivity  than  molecular 
iodine,  which  effectively  iodinates  phenols  and  aromatic  amines  in  dichlorometh- 
ane-methanol  at  room  temperature  (Scheme  15.45)  [68].  Calcium  carbonate  pow¬ 
ders  are  used  for  this  transformation  to  remove  the  generated  hydrogen  chloride.  It 
seems  that  methyl  hypoiodite  generated  from  BTMA  IClj  and  methanol  acts  as  an 
active  species  [68]. 

PylCl  can  be  prepared  by  mixing  equivalent  moles  of  pyridine  with  iodin- 
emonochloride  in  acetic  acid.  PylCl  is  a  pale  yellow  solid  and  can  be  handled 
safety  [69].  PylCl  is  an  efficient  iodinating  reagent  to  iodinate  aromatic  rings  sim- 
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ilar  to  IPy^BF^.  IPy^BF^  requires  some  acids  to  neutralize  excess  pyridine  and  lib¬ 
erate  the  iodonium  source.  In  contrast  to  IPy^BF^,  PylCl  can  be  used  immediately 
for  iodination  without  any  acids  [69].  An  example  of  one  of  the  applications  using 
PylCl  as  an  iodinating  reagent  is  that  hydroxylated  aromatic  ketones  and  aldehydes 
are  iodinated  in  methanol  to  afford  the  desired  iodinated  aromatic  compounds  in 
good  yield  (Scheme  15.46). 

Aryl  lithium  and  thermally  stable  lithium-carbanion  species  react  with  1-chloro- 
2-iodoethane  at  low  temperature  to  produce  related  iodinated  compounds  [70-72].  In 
this  reaction,  1 -chloro-2-iodoethane  acts  as  a  quencher  to  lithiated  compounds  sim¬ 
ilar  to  molecular  iodine  (Scheme  15.47)  [70]. 

Some  nucleophilic  iodinating  reagents  are  conveniently  used  in  organic  synthesis. 
Diphosphorustetraiodide  (P2I4)  [73]  has  been  used  for  a  long  time  and  others  such  as 
trimethylsilyl  iodide  (TMSI)  [74-76],  diiodosilane  (DIS)  [75,  76],  and  methyltri- 
phenoxyphosphonium  iodide  (MTPI)  [77,  78]  have  the  nucleophilic  character  and 
are  efficiently  used  for  the  synthesis  of  iodinated  compounds.  Phosphorous  chem¬ 
istry-based  nucleophilic  iodination  using  PPh^/I^/imidazole  [79]  and  PPh^/NIS  [80] 
systems  is  one  of  the  efficient  methods  for  iodination  of  alcohols  under  mild  condi¬ 
tions.  Furthermore,  A',A-dimethyl-A-(methylsulfanylmethylene)ammonium  iodide  is 
used  as  a  mild  nucleophilic  iodide  ion  source  [81]. 

TMSI  has  both  a  hard  Lewis  acid  moiety,  which  shows  affinity  to  oxygen  func¬ 
tionalities,  and  a  soft  nucleophilic  iodide  ion  [74-76].  This  remarkable  chemical 
property  enables  it  to  cleave  the  carbon-oxygen  bonds  of  ethers  to  afford  the 
corresponding  iodoalkanes.  As  an  example,  cyclohexyl  methyl  ether  is  cleaved  by 
the  action  of  TMSI  on  methyl  iodide  and  cyclohexyl  trimethylsilyl  ether 
(Scheme  15.48)  [74].  Only  5%  of  cyclohexyl  iodide  is  observed. 
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Aryl  -O- Alkyl 


MejSil 


Alkyl -I  +  Aryl  -  OSiMe3 


SCHEME  15.49 


leq.  DIS 

CDCI3,  22°C 
24  h,  quant. 


3eq.  DIS 

CDCI3,  22°C 
12  h,  quant. 
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It  is  suggested  that  this  reaction  proceeds  via  coordination  of  oxygen  to  the  silyl 
group  with  consequent  nucleophilic  attack  of  the  iodide  ion  to  cleave  the  carbon- 
oxygen  bonds.  Trityl,  benzyl,  and  fert-butyl  ethers  are  cleaved  at  a  much  faster  rate 
than  the  other  alkyl  ethers  such  as  methyl,  ethyl,  isopropyl,  and  cyclohexyl.  When 
aryl  alkyl  ethers  are  employed,  alkyl  iodides  are  obtained  as  the  sole  product  since 
iodide  ion  attacks  only  the  alkyl  groups  (Scheme  15.49)  [74]. 

Diiodosilane  (DIS)  is  a  stronger  Lewis  acid  than  TMSI  and  is  a  good  donor  of 
iodide  ions,  which  can  be  used  for  cleavage  of  the  carbon-oxygen  bonds  of  acetals 
whereupon  reductive  deoxygenation  proceeds  to  afford  iodoalkanes  [75]. 
Furthermore,  ketones  and  aldehydes  are  also  reduced  by  DIS  to  produce  primary  and 
secondary  iodoalkanes  [75]. 

As  shown  in  Scheme  15.50,  when  one  equivalent  of  DIS  is  used,  cleavage  of  the 
carbon-oxygen  bond  of  2-methoxytetrahydropyrane  occurs  to  replace  the  methoxy 
group  with  iodide.  When  three  equivalents  of  DIS  are  used,  reductive  deoxygenation 
via  cleavage  of  its  carbon-oxygen  bonds  proceeds  to  produce  1,5-diiodopentane 
[75].  Reductive  deoxygenation  of  aromatic  acetals  rapidly  occurs  within  several  min¬ 
utes  by  using  two  equivalents  of  DIS,  and  the  desired  iodoalkanes  are  produced. 
However,  reductive  deoxygenation  of  aliphatic  acetals  requires  a  longer  time  (30  min 
to  24  h)  to  complete  the  reduction. 

DIS  effectively  reduces  aldehydes  and  ketones  to  produce  the  corresponding  pri¬ 
mary  and  secondary  iodoalkanes  [75].  Aromatic  aldehydes  are  immediately  reduced, 
while  reductive  iodination  of  aliphatic  aldehydes  and  ketones  takes  more  time  com¬ 
pared  with  that  of  aromatic  aldehydes  (Scheme  15.51). 

MTPI  is  a  solid  compound  and  stable  in  the  absence  of  moisture  [77,  78].  MTPI 
is  effectively  used  for  iodination  of  alcohols  [77].  It  is  especially  effective  for  iodin- 
ating  the  hydroxy  groups  of  nucleosides  [78].  The  reaction  of  MTPI  with  cyclohexa- 
nol  is  carried  out  at  room  temperature  without  solvent,  and  iodocyclohexane  is 
obtained  in  74%  yield  (Scheme  15.52)  [77]. 

MTPI  is  prepared  in  situ  from  triphenylphosphite  and  methyl  iodide.  Otherwise, 
MTPI  is  commercially  available  and  it  can  be  used  as  an  iodinating  reagent  without 
further  purification.  MTPI  directly  iodinates  the  3 '-hydroxy  groups  of  uridine  and 
thymidine  derivatives  with  a-selectivity  [77].  For  example,  a-selective  3'-iodination 
of  5'-(9-tritylthymidine  is  accomplished  by  using  MTPI  in  DMF  to  produce  3'-iodo- 
5'-0-tritylthymidine  in  67%  yield  (Scheme  15.53)  [77]. 
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SCHEME  15.51 
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In  this  reaction,  the  (9^,3'-anhydrothymidine  derivative  is  formed  as  an  intermediate 
by  conjugation  of  the  pyrimidine  base  with  the  3'-hydroxy  group.  It  is  subsequently 
opened  by  the  attack  of  an  iodide  ion  from  the  a-face.  When  using  thymidine  and  an 
excess  of  MTPI  in  DMF,  a  diiodination  reaction  proceeds,  and  the  desired  3',5'-diio- 
dothymidine  is  produced  in  76%  yield.  Similar  iodination  of  the  thymidine  derivative 
is  performed  by  the  PPh^/I^  system  [82],  but  the  yield  of  3'-iodothymidine  derivative 
is  insufficient  (47%). 

A(WDimethyl-W(methylsulfanylmethylene)ammonium  iodide  is  an  efficient 
nucleophilic  iodinating  reagent,  and  various  alcohols  are  directly  transformed  into 
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MeN+ 

SMe 

imidazole 
- ) 

toluene,  85  “C 

3.5  h,  86% 

MeN+ 

^SMe 

imidazole 

- ) 

toluene,  55°C 

2.5  h,  71% 
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iodoalkanes  [81].  Primary  and  secondary  alcohols  are  directly  iodinated  in  good 
yield.  In  addition,  allylic  alcohols  are  successfully  iodinated  to  afford  the  desired 
allylic  iodides  (Schemes  15.54). 

One  of  the  excellent  characteristics  of  A(A^-dimethyl-Ai-(methylsulfanylmethylene) 
ammonium  iodide  is  that  purification  is  easier  since  by-products  of  the  reaction  can 
be  easily  removed.  Phosphorous-based  iodinating  reagents  often  make  the  formed 
crystalline  phosphine  oxides  difficult  to  remove. 
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The  simplest  iodine-based  oxidant  in  organic  synthesis  is  molecular  iodine.  Iodine  can 
also  constitute  various  inorganic  compounds  owing  to  its  divertible  oxidation  states, 
some  of  which  possess  oxidizing  abilities.  For  example,  some  oxides,  such  as  iodine 
pentoxide  (IjOj)  and  iodic  acid  (HIOj)  as  well  as  the  inorganic  salt  sodium  periodate 
(NalO^),  are  preferably  used  as  water-soluble  oxidizing  agents  in  aqueous  synthesis. 
On  the  other  hand,  organic  iodides  having  high- valent  forms  also  act  as  an  oxidant,  and 
hypervalent  iodine  reagents  show  unique  reactivities  for  many  useful  transformations. 

In  this  chapter,  we  succinctly  introduce  these  iodine-based  oxidants  dealing  with 
brief  information  on  their  reactivity  patterns. 


16.1  MOLECULAR  IODINE 

Molecular  iodine  has  powerful  oxidation  ability  to  oxidize  various  substrates.  As  a 
result,  it  was  widely  utilized  as  an  economic  oxidizing  agent  to  induce  many  trans¬ 
formations,  such  as  early  oxidation  of  sulfides,  [1]  aromatic  compounds,  and  various 
molecules  containing  oxygen  functional  groups,  oxidative  protection  and  deprotec¬ 
tion  of  some  functional  groups,  some  carbon-carbon  bond  formation  of  heterocycles, 
in  extensive  studies  [2].  In  addition,  a  method  for  simple,  efficient,  and  high-yield 
oxidation  of  alcohols  with  broad  generality  of  substrates  was  recently  established  by 
combined  use  of  molecular  iodine  and  potassium  carbonate  [3].  Benzylic  and 
aliphatic  secondary  alcohols  were  smoothly  oxidized  to  the  corresponding  ketones 
with  excess  amount  of  molecular  iodine  and  potassium  carbonate  under  the  refluxing 
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conditions  in  f-butyl  alcohol  solvent.  For  example,  sterically  hindered  menthol 
and  protected-D-ribofuranose  were  effectively  converted  to  menthone  and  the 
D-rihofuranone  in  good  yields  (Fig.  16.1,  Eq.  1).  On  the  other  hand,  the  oxidation  of 
primary  alcohols  provided  the  corresponding  esters  via  aldehydes  under  the  same 
conditions  in  methanol  (Eq.  2)  as  well  as  other  alcohols.  Similarly,  oxidation  of 
alcohols  can  occur  under  aqueous  conditions  in  the  presence  of  potassium  iodide 
using  the  molecular  iodine/potassium  carbonate  combination  [4].  In  this  case,  alde¬ 
hydes  were  selectively  obtained  in  excellent  yields. 

Molecular  iodine  also  transforms  aldehydes  to  nitriles  in  ammonia  water  [5]. 
Hence,  the  direct  synthesis  of  nitriles  from  alcohols  has  become  possible  in  a  one-pot 
manner  by  conversion  of  alcohols  to  aldehydes  followed  by  formation  of  nitriles. 
Thus,  the  treatment  of  aromatic  and  aliphatic  alcohols  with  iodine  in  ammonia  water 
was  carried  out  to  obtain  the  desired  nitriles  in  high  yields  (Eq.  3)  [6]. 

Dehydrogenation  was  also  observed  in  the  aromatization  of  Hantzsch 
1 ,4-dihydropyridines  [7].  It  is  possible  to  aromatize  4-alkyl-  or  aryl-substituted 
Hantzsch  1 ,4-dihydropyridines  to  the  corresponding  pyridines  in  high  yields  by 
treatment  with  molecular  iodine  in  refluxing  methanol  (Eq.  4). 

In  addition,  the  molecular  iodine/potassium  carbonate  in  organic  solvent  and 
molecular  iodine/potassium  carbonate/potassium  iodide  system  in  water  can  oxidize 
the  carbon-nitrogen  bond  of  imidazolidines  [8].  This  enables  the  direct  synthesis  of 
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FIGURE  16.1  Dehydrogenative  oxidations  by  molecular  iodine. 
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2-imidazolines  and  benzimidazoles  by  dehydrogenation  from  aldehydes  and  ethyl- 
enediamines  or  phenylene  diamines,  respectively,  via  in  situ  formed  imidazolidines 
(Eq.  5).  In  the  latter  case  with  potassium  iodide,  generation  of  potassium  triiodide 
(KIj)  during  the  reactions  was  proposed  as  the  active  species  for  the  oxidations. 


16.2  INORGANIC  IODINE  COMPOUNDS 

Among  the  iodine-containing  inorganic  oxidants,  I^Oj,  HIO^,  and  NalO^  are  the  com¬ 
mercially  available  compounds  typically  used  in  synthesis.  Like  other  iodine-based 
oxidants,  these  inorganic  compounds  are  stable  microcrystalline  solids  in  air  at  room 
temperature.  Nicolaou  and  coworkers  demonstrated  that  both  I^Oj  and  HIOj  can 
serve  as  mild  and  selective  oxidizing  agents  for  a,p-dehydrogenation  of  aldehydes 
and  ketones  in  dimethyl  sulfoxide  (DMSO)  (Fig.  16.2)  [9].  For  example,  the  dehy¬ 
drogenation  of  4-(l,l-dimethylethyl)cyclohexanone  using  HIOj  in  DMSO  provides 
4-(l,l-dimethylethyl)-2-cyclohexen-l-one  with  95%  yield  (Eq.  1).  As  active  species 
at  80°C,  the  monomeric  and  oligomeric  complexes  with  DMSO  were  isolated  and 
determined  to  involve  1^0^  and  HIO^  into  the  efficient  oxidations.  Although  this  type 
of  dehydrogenation  can  also  proceed  with  other  pentavalent  1 -hydroxy- 1,2- 
benziodoxol-3(l//)-one  1-oxides  (IBX)  (see  Section  16.3.5),  a  remarkable  difference 
to  be  noted  is  that  alcohols  do  not  react  with  HIO3  and  the  aldehydes  derived  from  the 
oxidation  of  primary  alcohols  were  not  detected  at  all  during  the  dehydrogenation. 
This  unique  chemoselective  issue  permits  the  selective  dehydrogenation  of  aldehydes 
and  ketones  in  the  presence  of  additional  alcohols. 

IjOj  and  HIO3  can  promote  aromatization  of  Hantzsch  1 ,4-dihydropyridines  (see 
Section  16.1)  and  1,3,5-trisubstituted  pyrazolines  in  water  [10].  These  heterocyclic 
compounds  were  efficiently  converted  to  the  corresponding  pyridines  and  pyrazoles 
by  the  treatment  of  these  water-soluble  inorganic  oxidants.  HIO3  also  effected 
oxidation  of  sulfides  to  sulfoxides  and  thiols  to  disulfides  in  an  aqueous  medium  [11]. 


I2O5  or  HIO3 
DMSO,  50“  C 


(1) 

95%  (byHIOj) 

95%  (even  in  the  presence  of  2-phenethol) 


FIGURE  16.2  Dehydrogenation  of  carbonyl  compounds  to  a,[i-unsaturated  compounds 
using  inorganic  iodine  oxidants. 
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NalO^  demonstrates  powerful  oxidation  abilities  acting  as  a  heptavalent  inorganic 
iodine  oxidant  [12].  It  is  sometimes  used  as  a  stronger  oxidant  in  the  conversion  of  sul¬ 
fides  to  sulfoxides  at  a  lower  temperature.  Phenols  and  hydrazones  can  be  oxidized  into 
the  corresponding  quinones  and  ketones  in  an  aqueous  organic  solvent.  The  most 
popular  use  of  this  reagent  in  organic  synthesis  is  for  the  oxidative  carbon-carbon  bond 
cleavage  of  vicinal  diols.  Due  to  the  high  chemoselectivity  over  various  other  functional 
groups,  the  periodate  cleavage  was  historically  used  for  detection  of  1,2-diol  compo¬ 
nents  in  complex  organic  molecules  in  their  structural  assignment  in  old  years. 


16.3  ORGANIC  HYPERVALENT  IODINE  COMPOUNDS 

With  the  increasing  impetus  for  developing  greener  synthetic  processes,  hypervalent 
iodine  reagent  has  recently  received  much  attention  in  organic  synthesis  as  an  oxi¬ 
dant  based  on  organic  iodides  by  virtue  of  its  safety  and  environmental  friendliness. 
As  documented  in  detail  in  several  books  and  reviews  [13],  the  synthetic  versatility 
of  these  reagents  has  been  expending  day  by  day.  A  number  of  trivalent  and  pentava- 
lent  iodine  reagents,  for  example,  iodobenzene  diacetate,  [bis(trifluoroacetoxy)iodo] 
benzene,  [hydroxy(tosyloxy)iodo]benzene  (Koser’s  reagent),  iodosobenzene,  Dess- 
Martin  periodinane  (DMP),  and  2-iodoxybenzoic  acid,  are  now  commercially 
available,  and  they  serve  as  a  useful  synthetic  tool  showing  reactivities  similar  to  that 
of  a  series  of  heavy  metals,  such  as  lead(IV)-,  mercury(II)-,  cadmium(IV)-,  and 
thallium(III)-hased  agents.  These  facets  inspired  us  to  use  the  organo-oxidant  in  the 
synthesis  of  natural  products  and  other  complex  molecules  [14].  The  recent  successes 
in  their  catalytic  uses  further  encourage  the  design  of  new  organic  iodine  compounds, 
especially  for  asymmetric  oxidations,  for  use  as  an  oxidation  organocatalyst,  which 
looks  promising  with  regard  to  new  applications  and  developments  in  the  future 
[15,  16].  From  the  next  section  on,  general  preparations  for  these  hypervalent  iodine 
compounds  including  their  derivatives  are  described  along  with  their  typical 
reactivities  in  organic  transformations. 

I6.3.I  lodosylbenzene  (Iodosobenzene) 

Polymeric  iodosylbenzene,  (PhIO)  ,  is  readily  prepared  upon  treatment  of  iodoben¬ 
zene  diacetate  (phenyliodine(III)  diacetate,  Ph^OAc)^)  with  strong  alkaline  aqueous 
solution  (Fig.  16.3)  [17].  Alternatively,  it  is  obtained  from  iodobenzene  dichloride. 
It  is  a  yellowish  amorphous  powder  stable  in  air  and  toward  moisture  at  room 
temperature  with  light  protection.  Other  iodosylarene  derivatives  having  different 
aromatic  moieties  can  be  obtained  in  a  similar  way  using  corresponding  aryliodine 
diacetates  and  chlorides. 

lodosylbenzene  is  only  slightly  soluble  in  water  due  to  its  polymeric  structure, 
and  its  insolubility  in  most  organic  solvents  except  for  alcohols  limits  its  applications 
in  organic  synthesis.  Therefore,  it  is  usually  utilized  for  oxidations  after  suitable 
activations,  such  as  by  adding  some  Brpnsted  and  Lewis  acids  (boron  trifluoride, 
trimethylsilyll  triflate,  etc.),  to  decompose  its  polymeric  network  [18].  As  an  additive. 
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FIGURE  16.3  Preparation  of  iodosylbenzene. 
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inorganic  and  organic  bromides,  such  as  potassium  bromide  and  cetyltrimethylam- 
monium  bromide,  are  also  effective  for  the  activation  of  iodosylbenzene. 
lodosobenzene/potassium  bromide  was  used  for  aqueous  oxidations  of  various 
alcohols  to  aldehydes  and  ketones,  and  further  carboxylic  acids  (Fig.  16.4,  Eq.  1) 
[19].  It  should  be  mentioned  that  iodosobenzene  is  inherently  not  so  reactive  as  to 
effectively  cause  the  alcohol  oxidations,  and  electrospray  ionization  (ESI)  mass 
spectrometric  studies  might  reveal  the  participation  of  in  situ  formed  reactive  hyper- 
valent  iodine  species,  [PhIBrO  ],  for  initiating  the  reactions.  On  the  other  hand, 
quaternary  ammonium  salts  can  alternatively  catalyze  the  selective  oxidation  of  sul¬ 
fides  to  sulfoxides  by  iodosylbenzene  (Eq.  2)  [20].  The  micellar  and  reverse  micellar 
systems  consisting  of  iodosobenzene  and  cetyltrimethylammonium  bromide  were 
proposed  for  the  new  activation  modes. 

Recently,  a  new  idea  to  isolate  and  use  monomeric  iodosylbenzene  species  was  sug¬ 
gested  by  Ochiai’s  research  group,  who  prepared  hydroxy(phenyl)iodonium  ion, 
PhP(OH)BF^“,  as  a  complex  with  18-crown-6  (18C6),  by  treatment  of  (PhlO)^  with 
tetrafluoroboric  acid  (HBF^)  in  the  presence  of  18C6  (Fig.  16.5)  [21].  The  obtained 
prisms  are  stable  enough  to  be  suitable  for  characterization  by  X-ray  structural  analysis. 
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FIGURE  16.5  Oxidations  using  highly  reactive  iodosylbenzene  monomer  -  18C6  complexes. 


The  related  complex,  PhI(0H)0Tf-18C6-H20,  with  a  water  molecule  coordinated  to 
the  iodine(III)  atom  was  also  prepared.  In  these  cases,  the  three  adjacent  oxygen  atoms 
of  18C6  contact  with  the  hypervalent  iodine(III)  atom  and  associate  with  the  hydroxyl 
group  through  hydrogen  bonding,  thus  strongly  stabilizing  the  monomeric  form. 
Without  the  need  for  any  other  activation,  these  monomeric  iodosylbenzenes  were 
highly  reactive  and  served  as  versatile  oxidants,  especially  in  water,  for  oxidations 
toward  a  variety  of  functional  groups,  such  as  phenols  (Eqs.  1  and  2),  sulfides  (Eq.  3), 
olefins  (Eq.  4),  silyl  enol  ethers  (Eq.  5),  and  organoboron  compound  (Eq.  6). 

Iodosylbenzene  has  been  employed  as  the  terminal  oxidant  in  reactions  using 
metal  catalysts.  Metalloporphyrins  and  related  complexes  catalyzed  oxygenations  of 
organic  substrates,  such  as  hydroxylation  of  hydrocarbons  and  epoxidation  of 
alkenes,  which  frequently  involved  iodosylbenzene  as  an  efficient  source  of  oxygen 
[22].  Due  to  its  mild  reactivity,  it  also  served  as  a  proper  oxidant  for  application 
in  organocatalytic  reactions,  such  as  alcohol  oxidations  and  asymmetric 
a-functionalization  of  carbonyl  compounds,  and  therefore  new  exciting  synthetic 
possibilities  lie  in  this  field  [23]. 


16.3.2  lodobenzene  Diacetate  (Phenyliodine(III)  Diacetate) 

Traditionally,  iodobenzene  diacetate  (diacetoxyiodobenzene,  phenyliodine(III) 
diacetate)  is  prepared  directly  from  iodobenzene  by  oxidation  with  peracetic  acid 
(which  is  usually  generated  in  situ  from  hydrogen  peroxide  and  acetic  anhydride)  in 
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FIGURE  16.6  Preparation  of  iodobenzene  diacetate. 


up  to  quantitative 


FIGURE  16.7  Phenolic  oxidations  using  iodobenzene  diacetate. 


acetic  acid  solution  (Fig.  16.6,  route  A)  [24].  A  general  approach  for  the  preparation 
of  its  derivatives  typically  includes  this  peracid  oxidation  toward  various  iodoarenes. 
These  carboxylate-type  hypervalent  iodine  compounds  are  generally  colorless,  stable 
microcrystalline  solids  compatible  with  usual  storage  for  a  long  time  period. 

Alternative  approaches  employed  appropriate  inorganic  oxidants,  such  as  sodium 
perborate  (NaBOj),  in  acetic  acid  or  acetic  anhydride.  The  milder  oxidation  of  iodo¬ 
arenes  with  sodium  perborate  in  acetic  acid  around  40°C  is  effective  for  the  prepara¬ 
tion  of  a  diverse  class  of  iodoarene  diacetate  compounds  including  heteroarenes  [25]. 
During  these  preparations,  it  was  revealed  that  addition  of  strong  Brpnsted  acid,  such 
as  triflic  acid,  dramatically  enhances  the  reaction  rate,  improving  the  yields  and 
further  expanding  the  substrate  scope  [26].  A  more  convenient  straightforward 
procedure  starting  from  aromatic  compounds  accompanying  sequential  ring  iodin- 
ation  and  formation  of  iodoarene  diacetates  was  reported  (route  B),  the  reaction  of 
which  involves  various  arenes  with  molecular  iodine,  acetic  acid,  and  potassium 
p-peroxo-hexaoxodisulfate  (K^S^Og)  in  the  presence  of  a  small  amount  of  concen¬ 
trated  sulfuric  acid  [27]. 

Regarding  the  reactivity  of  iodobenzene  diacetate,  an  extreme  number  of  reactions 
was  reported  in  the  literature.  Particularly,  this  reagent  is  valuable  for  reproducing 
biomimetic  oxidation  processes  of  phenols  under  mild  conditions.  The  phenolic  oxi¬ 
dations,  and  most  of  other  oxidations  with  hypervalent  iodine  reagents,  involve 
exchange  of  the  ligands  by  substrates  at  the  iodine  centers  as  the  initial  step 
(Fig.  16.7).  The  phenoxyiodine(III)  intermediate  as  a  result  of  the  exchange  by  the 
phenolic  oxygen  then  induces  the  rapid  elimination  of  iodobenzene  (Phi)  with  intro¬ 
duction  of  nucleophiles  (NuH).  As  a  result,  in  the  presence  of  water,  quinones  were 
obtained  in  para-non-substituted  and  methoxy-substituted  phenols,  whereas 
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FIGURE  16.8  a-Acetoxylation  of  enolizable  ketones  using  iodobenzene  diacetate. 
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FIGURE  16.9  Hydroxy  and  amide-group  directed  radical  C-H  oxidations  initiated  by  a 
combination  of  iodobenzene  diacetate  and  molecular  iodine. 


monoacetals  were  produced  in  an  alcohol  solvent  [28].  There  are  many  contributions 
for  the  total  syntheses  of  biologically  important  natural  products  and  their  pivotal 
intermediates  using  this  type  of  reaction  [29]. 

Introduction  of  an  acetoxy  group  to  the  a-carbon  of  carbonyl  compounds  occurs 
using  iodobenzene  diacetate  under  suitable  conditions.  The  reactions  are  applicable 
to  various  ketones  and  other  enolizable  carbonyl  compounds  [30].  In  particular,  aryl 
ketones  and  p-diketones  are  the  suitable  substrates  to  cause  enolizations  under 
weakly  acidic  conditions,  such  as  provided  by  acetic  acid,  and  a-acetoxylation  pro¬ 
ceeds  smoothly  providing  high  yields  (Fig.  16.8).  During  the  reactions,  a-iodanyl 
ketones  are  produced  as  putative  intermediates  by  ligand  exchange  between  the  ace¬ 
toxy  group  and  in  situ  generated  enols  at  the  iodine  center.  The  a-iodanyl  part  is  then 
replaced  by  an  acetoxy  group,  leading  to  a-acetoxylated  products. 

It  is  well-known  that  hydrogen  abstraction  of  alcohols  occurs  smoothly  by  the 
action  of  iodobenzene  diacetate  and  molecular  iodine  under  irradiation  or  upon 
heating,  leading  to  the  formation  of  corresponding  alkoxy  radicals  (Fig.  16.9). 
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O-radical  generation  is  generally  explained  by  homolytic  fragmentation  of  hypoio- 
dous  alcohols,  where  the  real  species  for  iodination  of  the  alcohol  groups  is  probably 
acetic  acid  iodyl  ester  (AcOI).  Subsequent  intramolecular  hydrogen  abstraction  by 
alkoxy  radicals  is  particularly  useful  for  stereoselective  synthesis  of  various  poly¬ 
cyclic  oxygen-containing  ring  systems.  For  example,  the  photolysis  of  cholestanediol 
acetate  in  the  presence  of  Ph^OAc)^-!^  in  cyclohexane  for  50  min  at  40°C  provides 
cyclized  cholestane  in  90%  yield  via  intramolecular  H  abstraction  of  the  steroid 
methyl  by  the  alkoxy  radical  and  oxidative  recombination  of  the  formed  methyl  rad¬ 
ical  with  the  hydroxy  group  (Eq.  1)  [31].  Suarez  and  coworkers  have  thoroughly 
investigated  this  methodology  for  various  useful  transformations  of  carbohydrates. 

The  iodobenzene  diacetate/molecular  iodine  combination  is  also  an  efficient 
system  for  generation  of  neutral  nitrogen-centered  radicals  from  various  N-H  groups. 
Similarly,  a  tandem  intramolecular  hydrogen  abstraction/radical  oxidation/nucleo¬ 
philic  cyclization  furnishes  the  carbon-nitrogen  bond  at  the  cyclic  ether  to  give  a 
specific  bicyclic  spirolactam  under  irradiation  with  tungsten  filament  lamps  at  room 
temperature,  indicating  that  the  photo-induced  amidyl  radical  derived  from  the  car¬ 
bohydrate  is  involved  during  the  reaction  (Eq.  2)  [32]. 

16.3.3  [Bis(trifluoroacetoxy)iodo]benzene  (Phenyliodine(III) 
Bis(trifluoroacetate)) 

[Bis(trifluoroacetoxy)iodo]benzene  (phenyliodine(III)  bis(trifluoroacetate))  is  a  col¬ 
orless,  stable  microcrystal,  which  was  originally  prepared  by  ligand-exchange 
reactions  of  other  hypervalent  iodine  compounds  by  treatment  with  trifluoroacetic 
acid.  The  replacement  of  the  acetic  acid  ligands  in  diacetoxyiodobenzene  with 
stronger  carboxylic  acids  can  smoothly  proceed  at  room  temperature,  which  allows 
the  simple  production  of  [bis(trifluoroacetoxy)iodo]arenes  by  dissolving  diacetoxy- 
iodoarenes  in  trifluoroacetic  acid  (Fig.  16.10,  route  A)  [33].  In  addition,  a  similar 
strategy  for  preparation  of  diacetoxy  analogues  (see  Section  16.3.2)  is  applicable  as 
the  second  general  approach  to  obtain  bis(trifluoroacetoxy)  compounds  (route  B). 
Thus,  iodoarenes  can  be  directly  oxidized  to  the  corresponding  [bis(trifluoroacetoxy) 
iodo]arenes  by  trifluorinated  peracetic  acid,  generated  from  trifluoroacetic  acid 
anhydride  with  sodium  percarbonate,  urea-hydrogen  peroxide,  and  so  on  [34]. 
Recently,  alternative  methods  to  obtain  a  series  of  [bis(trifluoroacetoxy)iodo]arenes 
by  oxidation  of  organic  iodides  using  K^S^Og  or  Oxone®  (a  mixture  of  2XKHSO5, 
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FIGURE  16.10  Preparation  of  iodobenzene  bis(trifluoroacetate). 
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FIGURE  16.11  Direct  oxidations  of  alkynes  to  a-hydroxyketones  and  1,2-diketones. 


KHSO^,  and  K^SO^)  with  trifluoroacetic  acid  were  reported  [35].  This  versatile 
procedure  is  quite  attractive  for  the  preparation  of  the  perfluoroalkane  derivatives, 
C  F,„^,I(0C0CF3),  (n  =  4,  6,  8,  10,  12). 

In  the  literature,  the  possible  high  reactivity  of  [bis(trifluoroacetoxy)iodo]benzene 
was  first  estimated  by  Spyroudis  and  Varvoglis,  who  demonstrated  the  relatively  high 
dehydrogenating  ability  of  this  reagent  toward  several  classes  of  organic  substrates 
[33].  Later,  the  enhanced  reactivity  was  further  proved  in  oxidations  of  alkyne  func¬ 
tionalities  [36,  37].  The  oxidation  of  alkynes  with  [bis(trifluoroacetoxy)iodo]benzene 
enabled  a  short  and  efficient  construction  of  the  hydroxyacetone  group  (Fig.  16.11, 
Eq.  1).  Thus,  the  treatment  of  ethynylcarbinols  with  the  reagent  in  refluxing  chloro¬ 
form-containing  water  provided  dihydroxyacetone  products  in  moderate  to  good 
yields  [36].  The  reactions  presumably  involve  the  formation  of  alkynyliodonium 
salts  at  first  and  subsequent  hydrolysis  to  dihydroxy  acetones.  Notably,  the  same 
transformation  of  ethynylcarbinols  could  provide  satisfactory  yields  only  by  using 
toxic  mercuric(II)  oxide.  The  prominent  results  strongly  encouraged  the  use  of  a 
hypervalent  iodine  reagent  in  environmentally  benign  processes  as  a  metal-free 
alternative,  replacing  toxic  heavy  metal  oxidizers  based  on  lead(IV),  mercury(Il), 
and  thallium(III). 

Similarly,  diketones  were  prepared  from  internal  alkynes  via  a-hydroxyketones 
(Eq.  2)  [37]. 

Flypervalent  iodine(III)  reagents  are  important  for  oxidative  spiroannulation 
processes,  and  [bis(trifluoroacetoxy)iodo]benzene  has  been  found  to  be  one  of  the 
most  effective  oxidants  for  synthesizing  dearomatized  spirocyclic  compounds  from 
phenols.  In  nature,  a  variety  of  natural  products  bearing  spirocyclic  systems  exist, 
and  many  of  them  are  biosynthetically  formed  by  oxidative  spiroannulation 
processes.  Similarly,  para-  and  ort/jo-substituted  phenol  derivatives  having  nucleo¬ 
philic  side  chains  afford  a  variety  of  spirocyclohexadienones  via  formation  of 
carbon-oxygen,  carbon-nitrogen,  and  carbon-carbon  bonds  with  promotion  by 
hypervalent  iodine  reagents  (Fig.  16.12).  Kita  and  coworkers  first  demonstrated  that 
the  reaction  becomes  remarkably  effective  by  using  [bis(trifluoroacetoxy)iodo] 
benzene  in  highly  polar,  but  low  nucleophilic  fluoroalcohol  solvents,  1, 1,1, 3,3,3- 
hexafluoro-2-propanol  (HFIP)  and  2,2,2-trifluoroethanol  (TFE)  [38].  In  this  mecha¬ 
nism,  the  oxidation  of  phenols  should  proceed  via  the  phenoxyiodine(III)  intermediate 
by  exchange  of  the  carboxylate  ligands  with  the  phenolic  oxygen  at  the  iodine  center 
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FIGURE  16.12  Dearomatizing  oxidative  spirocyclization  of  phenols  and  its  application  to 
natural  product  synthesis. 


of  the  reagent.  The  cyclizations  with  introduction  of  internal  nucleophiles  (alcohols, 
amides,  carboxylic  acids,  water,  oximes,  alkenes  and  alkynes  or  enamides,  electron- 
rich  aromatic  rings,  fluoride  ion,  etc.)  then  occurs  due  to  the  rapid  elimination  of 
iodobenzene  (Phi)  and  trifloroacetoxy  anion,  yielding  the  dearomatized  cyclohexa- 
dienones  bearing  spiroannulated  structures  at  the  para  or  ortho  positions  of  the 
original  phenol  group.  Compared  with  diacetoxyiodobenzene,  [bis(trifluoroacetoxy) 
iodo]benzene,  because  of  the  excellent  trifluoroacetoxy  leaving  groups,  facilitates 
both  the  steps,  thus  demonstrating  high  reactivity  in  the  phenolic  oxidations  and 
dearomatizations . 

In  evaluating  the  high  functional  group  availability  and  low  toxicity  of  the 
reagent,  the  methods  were  widely  used  for  total  synthesis  of  natural  products  having 
important  biological  properties  [29].  Thus,  synthesis  of  maritidine,  galanthamine, 
and  discorhabdins  was  achieved  by  dearomatizing  spirocyclizations  using 
[bis(trifluoroacetoxy)iodo]benzene  [38].  The  effective  spircyclization  of  para-mh- 
stituted  phenols  having  the  aromatic  nucelophilic  part  accompanying  carbon-carbon 
bond  formation  could  produce  the  core  structure  of  galanthamine-type 
Amaryllidaceae  alkaloids  and  other  five-  to  seven-membered  spirodienones  on  a 
large  scale  (Fig.  16.12,  Eq.  1).  For  example,  this  has  practical  applications  for  the 
production  of  galanthamine,  a  biologically  active  alkaloid  and  drug  for  Alzheimer’s 
disease. 

As  mentioned,  the  reactivities  of  hypervalent  iodine(III)  reagents  are  normally 
explained  by  the  two-electron-transfer  processes  in  most  cases.  On  the  other  hand, 
hypervalent  iodine(III)  reagents,  especially  [bis(trifluoroacetoxy)iodo]arenes,  can 
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FIGURE  16.13  SET-induced  oxidative  coupling  of  phenyl  ethers  with  various  nucleophiles  discovered  by  Kita’s 

group. 
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act  as  selective  and  efficient  single-electron-transfer  (SET)  oxidizing  agents  toward 
electron-rich  aromatic  compounds  by  suitable  activation  under  specific  conditions. 
The  reaction  based  on  the  SET  oxidation  mechanism  was  first  discovered  in  1990  by 
Kita’s  group  during  aromatic  substitution  of  p-substituted  phenyl  ethers  by  azide 
(Nj“)  using  [bis(trifluoroacetoxy)iodo]benzene  in  the  highly  polar,  but  low  nucleo¬ 
philic  HFIP  (Fig.  16.13)  [39].  Later,  the  same  research  group  defined  the  SET 
oxidation  ability  of  the  hypervalent  iodine  reagent  by  confirming  the  generation  of 
aromatic  cation  radicals  through  the  charge-transfer  (CT)  complex  with  electron-rich 
aromatic  compounds.  Notably,  the  umpolung  of  the  aromatic  rings  occurred  without 
the  use  of  any  metal  agent.  Azide  and  other  nucleophiles  (AcO,  ArS,  [Ar= aryl],  thio¬ 
cyanate,  and  p-dicarbonyl  compounds,  etc.)  were  effectively  introduced  to  the  aro¬ 
matic  cation  radicals  at  the  selective  ortho  positions,  producing  various  functionalized 
aromatic  products  as  a  result  of  the  ring  substitutions. 

It  should  be  emphasized  that  the  SET  reactivity  of  hypervalent  iodine  species 
highly  depends  on  the  employed  reaction  conditions  and  activators,  and  the  use  of 
fluoroalcohol  as  solvent  is  essential  in  order  to  induce  SET  oxidation  as  the  reactions 
do  not  occur  in  other  ordinary  solvents.  The  fluoroalcohols  exhibit  high  ionizing 
powers  with  low  nucleophilicities,  which  effectively  stabilizes  in  situ  generated  reac¬ 
tive  aromatic  cation  radical  species.  Alternatively,  the  addition  of  appropriate  Lewis 
acids  enhances  the  SET  oxidizing  ability  of  the  reagent  by  coordination  to  the  iodine 
ligand.  Typical  examples  include  boron  trifluoride  etherate  (BF^-EtjO)  and  trimethyl- 
silyl  triflate  (TMSOTf).  The  polarized  and  more  electron-deficient  iodine  center  by 
these  activations  seems  to  favor  ;t-complexation  with  aromatic  rings.  This  strategy 
has  significant  advantages  in  controlling  the  reactivity  of  the  oxidants  and  the  reac¬ 
tion  course.  As  a  result,  a  wide  array  of  reactivities  based  on  the  SET  mechanism 
were  found  depending  on  the  added  Lewis  acids  for  more  extensive  applications 
[40].  The  most  important  elaboration  is  the  oxidative  biaryl  coupling  reactions, 
which  furnish  the  new  carbon-carbon  bond  directly  from  unfunctionalized  aromatic 
compounds.  This  theme  is  separately  dealt  with  in  Chapter  17,  which  details  cou¬ 
plings  of  iodo  compounds  along  with  recently  discovered  novel  metal-free  cross¬ 
coupling  methods  with  hypervalent  iodine  reagent. 

[Bis(trifluoroacetoxy)iodo]benzene  can  take  dimeric  and  oligomeric  structures 
through  the  oxygen  bridge,  depending  on  the  conditions.  The  dimer  p-oxo- 
bis[trifluoroacetato(phenyl)iodine]  [(PhI(0C0CFj))20]  was  effectively  prepared 
from  iodosobenzene  [(PhIO)  ]  and  an  equimolar  molecular  amount  of  trifluoroacetic 
acid  (Fig.  16.14)  [41].  Stable  microcrystals  of  the  dimer  were  compatible  for  X-ray 
crystallographic  analysis,  supporting  the  oxygen-bridged  structure.  As  in  the  case  of 
other  trivalent  hypervalent  iodine  compounds,  storage  of  the  p-oxo  dimer  is  possible 
for  a  long  time  period. 

In  the  dimer,  the  strong  trans  influence  of  the  bridged  oxygen  induces  extension 
of  the  iodine(III)-trifluoroacetoxy  bond  lengths.  Thus,  the  bonds  are  more  polar  and 
the  iodine  atoms  more  electrophilic,  which  means  that  the  p-oxo  compound  might 
become  a  promising  candidate  for  potentially  replacing  well-used  reagents  in  view  of 
the  reactivity  because  of  possible  smooth  interactions  with  substrates.  In  accordance 
with  this  prediction,  excellent  oxidizing  behavior  of  the  p-oxo  dimer  was  demonstrated 
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FIGURE  16.14  Preparation  of  p-oxo  [bis(trifluoroacetoxy)iodo]benzene  dimer. 
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FIGURE  16.15  Efficient  oxidation  of  phenols  to  quinones  using  p-oxo  hypervalent  iodine 
dimer. 


in  a  series  of  well-established  phenolic  oxidations  [42].  The  reactions  sometimes 
resulted  in  better  product  yields  compared  to  those  using  [bis(trifluoroacetoxy) 
iodojbenzene.  Thus,  the  dimer  in  aqueous  oxidation  of  1-naphthol  produced  1,4- 
naphthoquinone  with  97%  yield  in  30  min,  while  the  yield  reached  a  maximum  of 
73%  by  the  alternation  to  [bis(trifluoroacetoxy)iodo]benzene  even  after  optimization 
(Fig.  16.15).  These  results  clearly  suggest  that  this  dimer  is  one  of  the  reasonable 
choices  for  the  hypervalent  iodine  reagent  for  phenolic  oxidations  and  in  other  trans¬ 
formations.  Generally,  the  reactions  are  operative  with  known  procedures  without  the 
need  of  any  optimization. 

16.3.4  [Hydroxy(tosyloxy)iodo]benzene  and  Its  Derivatives 

[Hydroxy(tosyloxy)iodo]benzene  (Phl(OH)OTs),  which  is  accessible  from  iodoben- 
zene  diacetate  by  ligand  exchange  in  the  action  of  p-toluenesulfonic  acid  (p-TsOH) 
in  water-containing  solvent  (Fig.  16.16,  route  A),  was  first  discovered  by  O.  Neiland 
and  B.  Carele  in  1970,  and  the  structure  was  later  determined  by  Koser  in  1976  by 
X-ray  crystallographic  analysis  [43].  It  is  a  slightly  yellow-colored  solid  sufficiently 
stable  for  isolation.  Of  particular  recent  interest,  their  preparation  focuses  on  more 
direct  approaches  from  iodoarenes  (route  B)  and  even  noniodiated  aromatic 
compounds  (route  C).  For  example,  one-pot  conversion  of  iodoarenes  to 
[hydroxy(tosyloxy)iodo]arenes  at  room  temperature  was  established  by  treatment 
with  wr-chloroperbenzoic  acid  (mCPBA)  including  water  and  successively  with 
p-TsOH  or  in  the  presence  of  the  sulfonic  acid  [44].  A  short-cut  route  from  various 
aromatics  was  possible  by  avoiding  preparation  of  iodoarene  compounds,  which 
involves  an  additional  iodine  source,  that  is,  molecular  iodine,  in  the  presence  of 
catalytic  amount  of  triflic  acid  [45]. 

Due  to  the  high  polarity  and  electrophilic  nature,  organosulfonate  and  its  deriva¬ 
tives  were  recognized  early  on  as  very  reactive  hypervalent  iodine  reagents  in 
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FIGURE  16.16  Preparation  of  [hydroxy(tosyloxy)iodo]benzene  (HTIB). 
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FIGURE  16.17  Tosyloxylation  of  alkenes  utilizing  HTIB. 


(2) 


oxidative  transformations  [46].  The  excellent  reactivity  was  initially  reported  for 
oxidations  of  alkenes,  with  rapid  dioxygenations  yielding  a  variety  of  vicinal  ditosy- 
loxylated  compounds  (Fig.  16.17)  [47].  The  stereospecific  xyn-l,2-ditosyloxylation 
of  styrenes  occurred  during  the  process,  and  the  mechanism  was  thus  explained  as 
anh-addition  of  the  electrophilic  iodane  to  the  carbon-carbon  double  bond  and 
successive  Sj.^2-like  introduction  of  the  second  sulfonyloxy  group  accompanying 
stereoinversion  (Eq.  1).  The  intramolecular  version  of  this  reaction  in  appropriate 
alkenoic  acids  and  alcohols  extended  its  utility  in  ring  construction  for  producing 
tosyloxylated  lactones  and  cyclic  ethers  (Eq.  2)  [48]. 

The  a-functionalizations  of  ketones  represent  one  of  the  useful  reactions 
mediated  by  [hydroxy(organosulfonyloxy)iodo]benzenes  established  by  Koser 
and  Moriarty  [49].  The  results  for  typical  substrates  in  a-tosyloxylation  are  shown 
in  Fig.  16.18.  Cyclic  and  acyclic  active  methylene  compounds  as  well  as  enoliz- 
able  aliphatic  and  aromatic  ketones  were  easily  converted  to  the  corresponding 
a-tosyloxy  carbonyl  compounds  with  good  yields  by  only  treating  with 
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FIGURE  16.18  a-Tosyloxylation  of  ketones  using  HTIB. 
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FIGURE  16.19  Hofmann- type  rearrangement  of  primary  amides  using  HTIB. 


[hydroxy(tosyloxy)iodo]benzene  in  a  refluxing  solvent.  Tertially  carbon  would  not 
react  at  all  because  of  tbe  steric  disadvantage;  otherwise  tbe  reaction  preferentially 
occurred  at  tbe  most  enolizable  site  in  carbonyl  compounds.  Consistent  with  tbe 
biased  distribution  of  tbe  internal  enols  under  acidic  conditions,  tbe  attempt  to 
oxygenation  of  2-butanone,  bence,  resulted  in  tbe  reaction  at  tbe  secondary  carbon 
over  primary  one.  Tbe  transformation  was  applicable  for  extended  organosulfo- 
nates,  that  is,  methane  and  chiral  camphor  sulfonate,  and  even  phosphonates  by 
applying  the  appropriate  hydroxy(organosulfonyloxy)  and  (phosphoryloxy) 
iodanes  [50]. 

[Hydroxy(organosulfonyloxy)iodo]benzenes  are  of  importance  in  Hofmanne- 
type  rearrangement  of  amides  (Fig.  16.19).  In  this  method,  notable  improvements  to 
convert  long-chain  aliphatic  amides,  which  are  unreactive  under  other  Hofmann 
rearrangement  conditions,  to  desired  amines  as  sulfonate  salts  were  possible  [51]. 
Interestingly,  a  structurally  unique  cubane  amine  was  synthesized  by  utilizing  this 
method. 
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*potassium  peroxymonosulfate 
(as  a  mixture  of  2KHSO5/KHSO4/K2SO4) 


FIGURE  16.20  Preparation  of  Dess-Martin  periodinane  (DMP)  and  its  precursor, 
o-iodoxybenzoic  acid  (IBX). 

16.3.5  Dess-Martin  Periodinane  and  o-Iodoxy benzoic  Acid 

l,l,l-Tris(acetyloxy)- 1,1 -dihydro- l,2-benziodoxol-3(l//)-one,  the  very  famous 
alcohol  oxidizing  agent,  so-called  Dess-Martin  periodinane  (DMP),  can  be  obtained 
from  l-hydroxy-l,2-benziodoxole-3(l//)-one  1-oxide  (IBX)  on  a  lOOg  scale  by 
using  acetic  anhydride  (Ac^O)  in  the  presence  of  0.5%  p-toluenesulfonic  acid  or  by 
acetic  anhydride  (Ac^O)  in  acetic  acid  solution  (Fig.  16.20)  [52].  On  the  other  hand, 
IBX  can  be  originally  prepared  by  oxidation  of  2-iodobenzoic  acid  with  potassium 
bromate  (KBrO^)  in  an  aqueous  solution  of  sulfuric  acid.  (Caution:  this  method  con¬ 
taminates  some  explosive  and  toxic  impurities  to  IBX  and  DMP.)  Later,  this  prepar¬ 
ative  method  was  improved  using  Oxone®  to  obtain  IBX  with  high  purity  [53].  These 
reagents  are  currently  commercially  available  from  many  chemical  suppliers  on  a 
small  scale.  Note  that  these  pentavalent  iodine  compounds  are  potentially  explosive 
under  excessive  heating  (around  200°C)  or  some  impact.  It  is  a  clear  contrast  to  the 
fact  that  most  trivalent  hypervalent  iodine  compounds  have  melting  points.  In  this 
light,  stabilized  IBX  inclusive  (SIBX),  that  is,  a  mixture  of  IBX  with  benzoic  acid 
(22%)  and  isophthalic  acid  (29%),  were  introduced  [54]. 

Both  DMP  and  IBX  are  widely  utilized  for  selective  oxidation  of  alcohols  to 
aldehydes  and  ketones  in  extensive  substrates  containing  a  different  series  of  other 
functional  groups,  such  as  silyl  ethers,  allyl  group,  alkenes,  alkynes,  acetals, 
thioethers,  thioketals,  amines,  amides,  azide,  pyridines  and  indoles,  carbohydrates, 
polyhydroxy  derivatives  and  polyethers,  various  nucleoside  derivatives,  selenides, 
tellurides,  and  phosphine  oxides.  In  the  oxidations,  primary  alcohols  were  selectively 
transformed  to  the  corresponding  aldehydes,  while  the  formation  of  overoxidized 
carboxylic  acids  was  not  detected.  These  remarkable  characteristics  in  chemo  and 
product  selectivities  as  well  as  their  sufficient  reactivities  under  mild  and  around 
neutral  conditions  make  them  attractive  in  the  numerous  stages  of  fine  synthesis  of 
natural  products  [55].  When  carrying  out  IBX  oxidation,  DMSO  should  normally  be 
used  as  a  solvent  due  to  its  insolubility  in  most  organic  solvents. 

As  regards  some  other  important  reactions  in  organic  synthesis,  IBX  can  readily 
cause  dehydrogenation  of  aldehydes  and  ketones  to  a,p-unsaturated  carbonyl  com¬ 
pounds  [56].  IBX  of  suitable  complexation  with  ligands,  that  is,  4-methoxypyridine 
A-oxide,  is  a  remarkably  effective  oxidant  for  allowing  the  dehydrogenation  of 
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FIGURE  16.21  Selective  a,|3-dehydrogenation  of  carbonyl  compounds. 
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FIGURE  16.22  Asymmetric  oxidation  of  sulfides  to  sulfoxides  using  iodylbenzene  and 
chiral  tartaric  acid  under  micellar  conditions. 


carbonyl  compounds  even  at  room  temperature.  At  elevated  temperature  over  60°C, 
IBX  itself  shows  sufficient  dehydrogenating  ability  (Fig.  16.21).  Cyclic  and  acyclic 
ketones  can  be  selectively  oxidized  to  either  mono-a,p-unsaturated  or  bis-unsaturated 
dienes  depending  on  the  amount  of  IBX  and  temperature  (Eqs.  1  and  2).  The  dehy¬ 
drogenations  preferentially  occur  at  the  site  of  enolizable  and  sterically  less-hindered 
aldehydes  in  the  presence  of  ketone  functionalities.  For  example,  the  dehydrogena¬ 
tion  of  the  keto  aldehyde,  that  is,  q-oxo-benzeneoctanal,  exclusively  yielded  a,p- 
unsaturated  aldehyde  by  treatment  with  IBX  (1.3  equivalents)  in  DMSO  at  70°C  as  a 
result  of  selective  reaction  at  the  position  of  the  aldehyde  (Eq.  3).  No  a,p-conjugated 
ketone  was  observed  during  the  reaction. 

Among  pentavalent  iodine  reagents,  the  noncyclic  compound  PhlO^  (iodylben¬ 
zene;  also  named  iodoxybenzene)  has  only  limited  applications  due  to  its  scarce 
solubility  based  on  its  polymeric  structure  and  potential  explosive  nature  at  its  sol¬ 
uble  point  upon  heating.  A  rare  example  of  its  remarkable  use  in  asymmetric  reactions 
was  reported  regarding  the  aqueous  systems  in  Fig.  16.4  [57].  In  the  presence  of  the 
chiral  tartaric  acids,  the  asymmetric  oxidations  of  sulfides  using  PhlOj  in  the  cationic 
reverse  micellar  systems  afforded  the  corresponding  chiral  sulfoxides  in  good  yields 
with  up  to  72%  ee  (Fig.  16.22).  Several  methods  for  the  preparation  of  iodylarenes 
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FIGURE  16.23  Preparation  of  dichloroiodobenzene. 


1 .  Cl2(gas),  dichloromethane,  0°C-r.t. 

2.  NaOH  aq.,  water/tetrahedrofuran,  r.t. 
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FIGURE  16.24  Preparation  of  difluoroiodotoluene,  a  relatively  stable  difluoroiodoarene 
compound. 


from  iodoarenes  are  present,  which  include  a  new  procedure  for  the  preparation  of 
various  iodylarenes  from  the  corresponding  iodoarenes  using  NalO^  as  the  oxidant  in 
water  with  30%  volume  of  acetic  acid  [58]. 


16.3.6  Others 

lodobenzene  dichloride  (PhlCl^)  was  classically  obtained  directly  from  iodobenzene 
by  passing  chlorine  gas  through  the  organic  solution  containing  it  (Fig.  16.23)  [59]. 
It  is  the  first  reported  hypervalent  iodine  compound  in  history  that  was  accidentally 
obtained  by  Willgerodt  in  1886  during  his  attempt  at  ring  chlorination  of  iodoben¬ 
zene.  In  order  to  avoid  the  use  of  gaseous  molecular  chlorine,  the  recent  new  prepar¬ 
ative  methods  for  this  type  of  compounds  consist  of  more  convenient  procedures, 
such  as  using  sodium  perborate  in  aqueous  hydrochloric  acid,  30%  hydrogen 
peroxide  in  a  mixture  of  aqueous  hydrochloric  acid  and  fluoroalchol,  and  one-pot 
preparation  from  aromatic  compounds  based  on  the  sequential  treatment  of  elemental 
iodine/NalO^  in  an  acetic  acid-acetic  anhydride-sulfuric  acid  mixture  followed  by 
excess  concentrated  hydrochloric  acid  (aqueous)  [60].  Generally,  these  dichlorides 
are  sensitive  to  light  and  heat,  gradually  decomposing  even  at  room  temperature.  In 
synthesis,  they  not  only  serve  as  a  source  of  various  chlorinations,  but  also  cause 
several  oxidative  transformations. 

As  a  related  analogue  bearing  other  halogen  ligand,  difluoroiodoarenes  were 
prepared  as  a  fluorinating  agent  by  an  old  approach  involving  replacement  of  the 
chloride  ligands  with  fluorides  using  aqueous  hydrofluoric  acid  in  the  presence  of 
mercuric  oxide  (HgO)  or  a  modified  procedure  without  the  use  of  HgO  via  iodosyl- 
arenes  (Fig  16.24)  [61,  62].  Recently,  a  more  convenient  method  consisting  of  direct 
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FIGURE  16.25  Representative  examples  of  recyclable  hypervalent  iodine(III)  compounds. 


fluorination  of  iodoarenes  by  Selectfluor™  (l-chloromethyl-4-fluoro-l,4-diazoniab- 
icyclo[2.2.2]octane  bis(tetrafluoroborate))  was  reported  [63].  Like  other  dihalides, 
the  difluorides  are  not  stable  compounds  and  are  highly  sensitive  to  moisture,  and 
thus  are  commonly  freshly  prepared  in  solution  form. 

In  general,  tri  and  pentavalent  hypervalent  iodine  reagents  can  oxidize  substrates, 
by  compensation  of  more  stable  monovalent  iodine  formation  as  the  driving  force. 
Despite  their  environmentally  benign  characteristics,  a  general  problem  in  chemical 
reactions  emerged  from  the  coproduction  of  stoichiometric  amounts  of  iodoarenes. 
Therefore,  several  types  of  recyclable  hypervalent  iodine  reagents  have  been  pro¬ 
duced  to  facilitate  the  separation  of  the  iodine  coproduct  from  the  reaction  mixture  as 
well  as  the  reuse  of  the  reagents  (Fig.  16.25)  [64].  For  example,  attaching  the  reagent 
to  an  insoluble  polymer  support,  such  as  polystyrene,  is  a  promising  way  for  its 
recovery  and  recycling.  Accordingly,  the  type  I  polymer-supported  hypervalent  iodine 
reagents  poly(diacetoxyiodo)styrene  (PDAIS)  and  poly[bis(trifluoroacetoxyiodo)] 
styrene  (PBTIS),  incorporating  the  hypervalent  iodine  moieties  in  their  polymer 
backbones,  were  independently  introduced  into  hypervalent  iodine  chemistry  by 
Togo  et  al.  and  Ley  et  ah,  [65]  which  were  successfully  used  in  many  oxidative  trans¬ 
formations  as  an  recyclable  alternative. 

Despite  the  utility  and  versatility  of  these  polymer-supported  reagents,  one 
significant  drawback  is  the  lower  reactivity  than  in  the  case  of  the  corresponding 
monomeric  forms,  for  example,  PDAIS  versus  iodobenzene  diacetate,  owing  to  low 
solubility  in  various  solvents  and  steric  hindrance  of  the  reactive  sites  by  the  polymer 
chains.  In  addition,  the  degradative  loss  of  polystyrene  resin  is  sometimes  associated 
with  benzylic  oxidation  of  the  polystyrene  chain  after  repeated  use.  With  recent 
progress  in  fluorous  chemistry  and  the  use  of  ionic  liquid  mediums,  therefore,  the 
preparation  and  use  of  hypervalent  iodine  compounds  bearing  type  II  fluorous  tags 
and  ionic  supports,  such  as  type  III  imidazolium  salt,  as  recyclable  reagents  were 
reported  [66,  67].  These  tagged  reagents  were  useful  in  many  cases,  but  sometimes 
showed  significant  changes  in  reactivity,  being  different  from  conventional  hyperva¬ 
lent  iodine  reagents. 
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FIGURE  16.26  A  schematic  recycle  diagram  for  adamantane-based  recyclable  hypervalent 
iodine  reagent. 


As  a  structurally  new  recyclable  hypervalent  iodine  reagent,  l,3,5,7-tetrakis[4- 
(diacetoxyiodo)phenyl]adamantane  (3),  which  has  a  reactivity  very  similar  to  that  of 
conventional  iodobenzene  diacetate,  was  developed  [68].  In  combination  with  the 
high  solubility  in  organic  solvents,  the  high  reactivity  comes  from  the  tetrahedral 
structure,  in  which  reactive  sites  do  not  interfere  with  each  other.  A  comparison  of 
many  reactions  demonstrated  that  the  reactivity  is  almost  equal  to  those  of  conven¬ 
tionally  used  reagents.  Adamantane  3  is  thermally  stable  (mp  [decomp.]  195-196°C) 
and  is  not  sensitive  to  air  and  moisture. 

The  recovery  was  easily  performed  by  precipitation  by  taking  advantage  of  the 
insolubility  of  the  reduced  form  3',  produced  after  the  reactions  in  methanol 
(Fig.  16.26).  The  operation  usually  started  with  the  removal  of  the  used  solvent. 
Methanol  was  added  to  the  resulting  oily  mixture  to  extract  the  oxidation  product, 
while  the  reagent  3'  simultaneously  precipitated  as  a  powder.  The  heterogeneous 
solution  was  then  filtered,  and  the  solid  on  the  filter  was  washed  several  times  with 
small  amounts  of  methanol  to  quantitatively  recover  iodide  3'.  This  operation  facili¬ 
tated  the  product  purification  steps;  the  product  in  the  filtrate  could  be  purified  by 
short  column  chromatography.  The  recovered  adamantane  reagent  3'  was  reactivated 
to  the  hypervalent  iodine  state  3  by  mCPBA.  Typically,  the  overall  efficiency  of  the 
recycling  (use  ^  recovery  ^  reactivation)  was  more  than  90%  with  regard  to  molec¬ 
ular  yield.  Importantly,  no  degradation  of  the  molecules  was  observed  for  the  ada¬ 
mantane  reagent  3  during  the  oxidations  and  in  the  reoxidation  step  even  after 
repeated  use,  due  to  the  absence  of  oxidation-sensitive  benzylic  proton,  and  thus 
repeated  use  was  possible. 

Derivatives  of  these  recyclable  hypervalent  iodine  reagents  having  other  ligands 
were  also  reported.  Other  various  recyclable  reagents,  especially  derived  from  penta- 
valent  iodine  reagents,  were  systematically  reported  by  Zhdankin  and  other  research 
groups  [69,  70].  Very  recently,  a  recyclable  reagent  with  magnetic  nanoparticle 
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support  has  been  suggested,  and  the  new  reagent  demonstrated  sufficient  reactivities 
as  well  as  simple  recycling  basis  of  attraction  of  magnetic  force  with  the  assistance 
of  an  external  magnet  [71]. 
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17.1  COUPLING  REACTIONS  WITH  ORGANIC  IODIDES 

Due  to  the  large  atomic  size  of  iodine,  the  carbon-iodine  bonds  in  organic  iodides 
have  the  longest  length  in  comparison  with  other  halogen  bonds,  that  is,  bromides, 
chlorides,  and  fluorides.  This  makes  the  bond  energy  and  strength  the  lowest  and 
markedly  the  weakest  among  the  series  of  organic  halides.  As  a  result,  organic 
iodides  were  favorably  used  as  an  excellent  precursor  for  generating  highly  reactive 
carbon  species,  such  as  carbocations,  anions,  radicals,  and  carbenes,  in  organic 
reactions.  For  example,  tertiary  alkyl  iodides  can  rapidly  produce  corresponding 
carbocations  by  the  action  of  appropriate  Lewis  acids.  Some  aryl  iodides  would 
cause  halogen-metal  exchange,  producing  aryl  anion  species  at  low  temperature. 
Dissociation  to  organic  radicals  by  a  radical  initiator,  such  as  2,2'-azobisisobutyronitrile 
(AIBN),  should  readily  occur  for  many  alkyl  iodides.  Carbenoid  formation  from 
diiodomethane  with  an  activated  zinc-copper  couple  during  the  cyclopropanation 
of  alkenes  happens,  which  led  to  the  historical  discovery  of  the  Simmons-Smith 
reaction  in  1958. 

In  the  long-time  applications  of  organic  iodides,  alkyl  iodides  are  traditionally 
known  as  the  representative  substrates  in  substitution  and  elimination  reactions 
toward  nucleophiles  and  bases.  Meanwhile,  sp^-aryl  and  -vinyl  as  well  as  sp^-alkynyl 
iodides  have  an  important  and  special  role  in  the  modern  organic  synthesis,  espe¬ 
cially  in  metal-catalyzed  coupling.  In  these  couplings,  the  iodides  are  usually  more 
reactive  than  related  bromides  and  chlorides  [1].  The  formation  of  carbon-carbon 
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bonds  in  the  coupling  reactions  using  these  organic  iodides  thus  results  in  a  pivotal 
synthetic  class  for  constructing  complex  molecules  and  has  received  continuous 
interest  from  the  scientific  community. 

In  the  following  sections,  we  briefly  introduce  the  specific  role  of  the  organic 
iodides  during  the  coupling  reactions,  especially  focusing  on  carbon-carbon  bond¬ 
forming  reactions  to  biaryls  and  the  new  design  of  the  iodine-containing  organic 
molecules. 

17.1.1  Reductive  Coupling 

Most  organic  chemists  say  that  the  one  of  the  most  impressive  reports  in  the  early 
history  of  application  of  organic  iodides  is  the  Ullmann  coupling  reported  more  than 
a  century  ago  [2].  By  promotion  of  stoichiometric  copper(O)  metal,  biaryls,  the 
homocoupling  products,  were  formed  from  two  molecules  of  aryl  iodides  at  high 
temperatures  over  200°C  in  the  typical  case  (Fig.  17.1).  As  the  umpolung  of  the  aro¬ 
matic  rings  should  formally  occur  during  the  reactions  by  the  reductant,  copper 
metal,  this  is  classified  as  a  reductive  coupling.  In  these  classical  Ullmann-type 
reactions,  the  iodides  are  most  reactive,  with  bromides  and  chlorides  generally 
requiring  much  harsher  conditions  to  couple  each  other. 

Together  with  the  investigations  of  the  detailed  reaction  mechanism  for  each  sub¬ 
strate  case,  further  advances  and  efforts  in  the  past  few  decades  were  mainly  directed 
toward  the  catalytic  use  of  copper  and  alternative  metals,  the  stereocontrol  of  the 
coupling  products  by  substrate  and  reagent  controls,  and  the  establishment  of  milder 
reaction  systems  using  more  reactive  and  soluble  organometallic  complexes,  such  as 
copper  2-thiophene  carboxylate  (CuTC,  commercially  available),  for  lowering  the 
reaction  temperature  and  expanding  the  scope  of  substrates  [3].  However,  most  cases 
still  limited  their  utility  only  in  the  homocouplings  except  for  the  intramolecular 
examples. 

17.1.2  Metal-Catalyzed  Cross-Coupling 

Transition  metal-catalyzed  cross-couplings  of  organometallic  reagents  with  organic 
halides,  especially  iodides,  have  emerged  as  a  prominent  area  of  research  in  synthetic 
chemistry.  The  cross-coupling  reactions  with  various  types  of  organometallic 
reagents  have  become  important  tools  to  create  new  carbon-carbon  bonds  in  the 
synthetic  molecules,  which  now  encompass  a  range  of  aryl,  alkynyl,  and  alkenyl 
substrates.  Among  them,  Heck,  Negishi,  and  Suzuki  received  the  Nobel  Prize  in 


2  X 


copper  (0) 

vigorous  heating 
(>200‘’C) 

heterogeneous  conditions 


homocoupling 

product 


FIGURE  17.1  Classical  Ullmann-type  reductive  coupling  of  aryl  iodides. 
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Conventional  coupling  strategy  (organohalide  +  organometallic  nucleophile) 


transition  metal  catalyst 
(Pd,  Ni,  etc.) 

cross-coupling 


R  =  aryl,  vinyl 
alkynyl,  allyl 


[M]  =  metal 

(Zn,  B,  etc.) 


product 


[M+I-] 

byproduct 


FIGURE  17.2  Transition  metal-catalyzed  cross-couplings  between  organohalides  and 
organometallic  reagents. 


Chemistry  for  their  pioneering  contributions  and  applications  in  palladium-catalyzed 
cross-coupling  reactions  in  the  year  2010. 

The  well-known  cross-coupling  strategies  using  organometallic  compounds  (e.g., 
[M]  =  [Zn];  Negishi,  [B];  Suzuki-Miyaura,  [Sn];  Stille)  employ  organic  halides  in  the 
presence  of  transition  metal  catalysts,  such  as  palladium  complexes  (Fig.  17.2). 
These  methods  thus  require  stoichiometric  amounts  of  the  activated  organometallic 
substrates,  the  preparation  of  which  includes  several  synthetic  steps.  In  addition,  the 
use  of  organometallic  substrates  produces  large  amounts  of  metallic  salts  as  wastes 
and  by-products  during  the  preparation  and  after  the  cross-coupling  reactions.  These 
aspects  derived  from  the  organometallic  starting  materials  are  not  ideal  and  efficient 
with  regard  to  environmental  concerns  and  from  a  practical  point  of  view. 

In  theory,  a  more  direct  approach  in  cross-couplings  is  the  alternative  use  of 
carbon-hydrogen  bonds  instead  of  the  organometallic  molecules.  Inspired  by  the  aim 
of  green  sustainable  chemistry,  much  effort  has  been  dedicated  to  the  development  of 
the  direct  cross-couplings  of  carbon-hydrogen  bonds  in  the  past  few  decades 
(Fig.  17.3).  Actually,  direct  C-H  cross-couplings  of  aromatic  compounds  and  organic 
iodides  (Eq.  2)  can  proceed  utilizing  the  defined  transition  metal  catalysts  under 
refined  conditions,  improving  the  atom  economy,  cost,  and  overall  synthetic  steps  by 
avoiding  the  preparation  of  the  substrates  compared  to  the  original  routes  (Eq.  1).  In 
some  cases,  organic  iodides  played  a  critical  role  for  developing  the  C-H  cross¬ 
couplings  during  the  reactions;  otherwise,  other  halides  (bromides  and  chlorides)  did 
not  work  so  well  as  the  coupling  partners  and  their  use  sometimes  failed  in  the  less 
efficient  coupling  reactions  [4] . 

These  cross-couplings  can  provide  powerful  tools  for  the  construction  of  complex 
molecules  in  organic  synthesis,  and  thus  the  development  of  a  novel  coupling  method 
has  been  intensively  studied  by  synthetic  chemists.  Accordingly,  the  classical  cou¬ 
pling  methods  as  well  as  the  recent  progress  on  palladium(II)-catalyzed  C-H 
activations/C-C  cross-couplings  have  been  of  continuous  interest  and  have  been  fre¬ 
quently  summarized  in  many  reviews  [5].  In  the  following  sections,  we  therefore 
describe  recent  significant  advances  in  the  area  of  metal-catalyzed  cross-couplings, 
in  which  diaryliodonium  salts  specifically  play  an  indispensable  role  as  the  coupling 
partner. 
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Halogenated  and  metallated  aryls  (Negishi  coupling,  Suzuki-Miyaura  coupling,  etc.) 


Ar'  HH  c 


Ar'  H[M] 


[M]  =  [Zn],  [B],  etc. 
X-(Ar^ 


metal  catalyst 


(Pd,  Ni,  etc.) 


(^Ar*^^)— (at^ 


(1) 


X  =  Halogens 
(I,  Br,  Cl) 


Halogenated  and  non-functionalized  aryls  (no  use  of  metallated  aryls) 


X  =  Halogens 
(I,  Br,  Cl) 


FIGURE  17.3  Recent  advances  in  cross-coupling:  From  organometallic  reagents  to  C-H 
bonds  of  organic  molecules. 


1 7. 1.2.1  lodonium  Salts  in  Advances  of  Cross-Coupling 

In  the  conventional  and  classical  cross-couplings  with  organoiodides  and  organome¬ 
tallic  compounds  mentioned  earlier,  palladium  and  nickel  salts  typically  worked 
as  excellent  metal  catalysts,  while  cross-couplings  using  copper-hased  complexes 
were  known  to  require  stoichiometric  amounts  of  the  metals  [6].  As  an  early  study 
for  copper-catalyzed  alternatives,  cross-  and  carbonylative-couplings  of  organo- 
stannanes  and  -boranes  with  diary liodonium  salts  were  first  demonstrated  in  1996  by 
Kang’s  research  group  (Fig.  17.4).  The  catalytic  coupling  in  copper  was  also  found 
to  be  applicable  in  Sonogashira-type  cross-coupling  of  acetylenes  and  diaryliodo- 
nium  salts  [7]. 

Utilizing  the  high  reactivity  of  diaryliodonium  salts  in  copper-catalyzed  processes, 
Gaunt  has  developed  a  new  site- selective  Cu(II)-catalyzed  C-H  bond  functionaliza¬ 
tion  process  that  can  selectively  arylate  indoles  at  either  the  C3  or  C2  positions  in 
which  the  regioselectivity  could  be  varied  by  altering  the  nature  of  the  substituent  on 
the  indole  nitrogen  [8].  It  is  proposed  that  the  site  for  arylation  arises  through  a  migra¬ 
tion  of  copper  from  the  C3  to  the  C2  carbon  of  indoles  controlled  by  the  nature  of  the 
substitution  group  on  the  nitrogen  during  the  proposed  Cu(I)/Cu(III)  catalytic  cycle. 
Later,  this  study  led  to  breakthrough  for  unprecedented  mefa-selective  arylation  of 
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R2-[Sn]  ^  , 

1  ,  cat.  Cul  ,  , 

Rll+PhX-  +  or  - ►  r1-R2  (1) 

R2-[B]  Na2C03 

1 ,2-dimethoxyethane/water 
35“C 

,  cat.  Cul 

R'l+PhX-  +  H  =  R2  - ►  Rl  =  R2  (2) 

Na2C03 

1 ,2-dimethoxyethane/water 
r.t. 

FIGURE  17.4  Early  reports  for  copper-catalyzed  cross-couplings  utilizing  diaryliodonium 
salts. 

anilides  and  arylcarbonyl  compounds  by  the  same  group  (Fig.  17.5,  Eq.  1).  A  possible 
rationalization  of  the  novel  selectivity  was  discussed  by  considering  the  formation  of 
highly  electrophilic  Cu(III)-aryl  species  activating  anilides  and  arylcarbonyl  rings 
sufficiently  to  permit  an  anh-oxy-cupration  of  the  carbonyl  group  across  the  ortho 
and  meta  positions  on  the  arene  rings.  This  dearomatizing  process  is  likely  to  produce 
the  Cu(III)-aryl  species  at  the  meta  position,  and  successive  reductive  elimination 
would  deliver  the  observed  meta  products.  In  addition,  a  method  for  the  me/a-selective 
arylation  of  a  versatile  series  of  a-aryl  carbonyl  compounds  has  thus  been  developed 
with  diaryliodonium  salts. 

The  regioselectivity  of  this  transformation  can  be  further  controlled  by  the  choice  of 
directing  groups  on  the  aromatic  ring.  In  fact,  phenol  derivatives  and  other  electron-rich 
aromatic  compounds  caused  selective  arylation  at  the  para  position  (Fig.  17.5,  Eq.  2) 
[9].  In  contrast  to  meta  arylation,  the  electronic  factor  of  the  electron-donating  groups 
governed  the  para  selectivity  (so,  the  authors  call  this  transformation  a  copper- 
catalyzed  Eriedel-Crafts-type  strategy).  As  such,  by  utilizing  the  nature  of  the  direct¬ 
ing  group  and  the  nature  of  the  substituent,  the  catalytic  systems  were  successfully 
employed  in  the  control  of  the  meta  and  para  site-selective  arylations  of  arenes  using 
diaryliodonium  salts. 

Recently,  this  powerful  copper-catalyzed  direct  arylation  using  iodonium  salts  has 
been  applied  to  cyclic  nonaromatic  enamides  [10].  As  an  example  of  trifluoromethyl- 
ation,  indoles  and  allylsilane  derivatives  reacted  with  Togni’s  reagent  (1-trifluoro- 
methyl-l,2-benziodoxol-3-(l//)-one)  in  the  presence  of  a  copper  catalyst  for  successful 
installation  of  trifluoromethyl  group  into  these  structures  [11].  Iodonium  salts  and 
Togni’s  reagent  belong  to  a  similar  group  of  hypervalent  iodine  compounds  with  two 
carbon  ligands  (see  Chapter  7).  Similarly,  for  diaryliodonium  salts,  the  radical  character 
of  the  trifluoromethylation  reaction  was  experimentally  proven  for  Togni’s  reagent. 

Asymmetric  arylations  of  silyl  enol  ethers  are  successful  using  chiral  copper  cata¬ 
lysts  in  combination  with  diaryliodonium  salts,  which  have  been  simultaneously 
reported  by  Gaunt  and  MacMillan  in  the  same  academic  journal  (Fig.  17.6)  [12,  13]. 
The  former  group  has  developed  the  asymmetric  transformation  for  obtaining  optically 
active  arylated  carbonyl  compounds  involving  the  coupling  of  A-acyloxazolidinones 
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cat.  Cu(OTf)2 
Ph2UTfO- 

1 ,2-dichloroethane 
VO^C 


TJ  R 

N=< 

I _ 

OTf 

OTf 

EDO 


EDG  =  electron  donating 
group 

(OR,  NR‘r2) 


cat.  Cu(OTf)2 
Ph2UTfO- 

1 ,2-dichloroethane 
VOX 


-hEDG 


,Cu^ 
TfO^  'Ph 


(2) 


Ph 

para-ary  lated 
product 


(1) 


Ph 

mcta-arylated 

product 


FIGURE  17.5  Recent  pioneering  studies  using  diaryliodonium  salts:  Copper-catalyzed 
meta-  and  para-arylations. 


cat.  chiral  [Cu] 
PhUAr  TfO“ 
(Ar  =  Ph,  mesityl) 

dichloromethane 


(TMS  =  trimethylsilyl) 


up  to  94%  ee 


(1) 


OSiR"3 

A 

R 

(X  =  0R',NR'2) 


cat.  chiral  [Cu] 
PhUArPF6“ 

(Ar  =  Ph,  mesityl) 

toluene/dichloromethane 

r.t. 


O 


up  to  94%  ee 


(2) 


chiral  [Cu] 

FIGURE  17.6  Asymmetric  a-arylation  of  carbonyl  compounds  by  using  chiral  copper  cata¬ 
lysts  and  silyl  enol  ethers. 


with  diaryliodonium  salts  in  the  presence  of  a  chiral  copper(II)  complex  derived  from 
a  commercially  available  hisoxazoline  ligand  (Eq.  1)  [12].  MacMillan’s  group  has  also 
established  the  enantioselective  a-arylation  of  silyl  enol  ethers  of  both  lactones  and 
A^-acyl  oxazolidones  using  a  combination  of  diaryliodonium  salts  and  copper  catalysis 
(Eq.  2)  [13].  Employing  a  readily  available  copper  iodide-PhBox  catalyst,  good  to 
excellent  yields  and  generally  excellent  enantioselectivities  were  observed  in  the 
obtained  products.  In  these  transformations,  aryl  mesityl  iodonium  salts  were  appli¬ 
cable  for  the  selective  aryl  transfer  over  the  mesityl  group,  thus  avoiding  preparation  of 
the  symmetrical  diaryliodonium  salts  that  are  sometimes  difficult  to  synthesize.  These 
mild  catalytic  conditions  are  thought  to  provide  a  new  route  to  the  enantioselective 
construction  of  enolizable  a-carbonyl  benzylic  stereocenters  without  racemization. 


COUPLING  REACTIONS  WITH  ORGANIC  IODIDES 


309 


Although  catalytic  reactions  involving  low-valent  palladiums  (Pd(0)  and  Pd(II)) 
as  catalytic  intermediates  are  ubiquitous  and  extremely  utilized  in  synthesis 
(Fig.  17.3),  the  unique  reactivities  of  higher- valent  palladium  species  in  catalysis  had 
not  been  recognized  until  recently.  Systematic  investigations  in  this  decade  now 
support  the  generation  of  hypothesized  higher-valent  palladium(IV)  species,  and  it 
has  been  determined  that  hypervalent  iodine  compounds  specifically  have  excellent 
oxidizing  abilities  to  convert  palladium  species  to  the  corresponding  higher  state  of 
palladium(IV).  A  comprehensive  and  seminal  review  of  the  applications  and  mecha¬ 
nistic  aspects  of  hypervalent  iodine  reagents  in  catalytic  processes  involving  high- 
valent  palladium(IV)  species  were  summarized  in  several  articles  [14]. 

The  involvement  of  palladium(IV)  species  was  emphatically  proposed  by  Sanford, 
one  of  the  important  contributors  in  this  field,  in  2004  in  the  first  catalytic  C-Fl  ace- 
toxylation  of  sp^  as  well  as  sp^  carbons  directed  by  the  metal-coordinating  chelating 
group  for  C-H  activation  [15].  As  an  extension  of  this  chemistry,  it  was  reasoned  that 
diaryliodonium  salts  were  applied  as  the  two-electron  oxidant  to  perform  a  catalytic 
C-H  arylation  reaction  of  aromatic  and  heteroaromatic  rings  involving  the 
palladium(II)/(IV)  process,  enabling  transfer  of  aryl  groups  from  the  iodonium  salts 
at  a  C-H  bond  proximal  to  a  nitrogen  directing  group  (Fig.  17.7)  [16].  The  C2  ary- 
lated  products  were  exclusively  formed  by  the  reaction  of  indoles,  and  thereby  the 
palladium-catalyzed  method  in  indoles  is  complementary  to  the  C3-selective  aryla¬ 
tion  using  a  copper  catalyst  (vide  supra)  [8].  In  the  same  year,  that  is,  2005,  Daugulis 
and  Zaitsev  reported  diphenyliodonium  salt  as  one  example  for  Pd(II)-catalyzed 
C(sp^)-H  arylation  of  anilides  [17].  The  palladium-catalyzed  C-H  activation/ 
arylation  methods  using  diaryliodonium  salts  have  also  been  applied  to  ortho  aryla¬ 
tion  of  phenol-derived  aryl  pivalates  acting  as  an  oxygen  directing  group  [18]. 

Another  type  of  transformation  involving  the  generation  of  high- valent  palladium 
species  by  a  hypervalent  iodine  reagent  is  the  oxidative  diamination  of  alkenes 
employing  a  palladium(II)  catalyst  [19].  According  to  Muniz,  internal  alkenes 
carrying  sulfonamide  groups  (Fig.  17.8)  undergo  clean  deamination  under  the  catal¬ 
ysis  of  palladium(II)  in  combination  with  a  hypervalent  iodine  reagent,  Ph^OAc)^. 
The  reaction  consists  of  two  mechanistically  different  C-N  bond  formation  events;  it 
is  initiated  by  anti-aminopalladation  of  alkenes  followed  by  reductive  substitution 
accompanying  inversion  of  the  stereochemistry  at  a  secondary  carbon  attached  to 
high-valent  palladium(IV)  generated  in  situ.  The  overall  process  thus  usually 
provided  cii-diamination  products  with  complete  selectivity  in  both  the  steps. 


cat.Pd(OAc)2 

PhzI^PFe- 

acetic  acid 
100°C 


FIGURE  17.7  Directed  C-H  arylation  using  diaryliodonium  salts  involving  palladium/IV) 
species. 


NHTs 


cat.  Pd(0Ac)2 


TsHN 


NaOAc,  Me4N+Cr 
A,A-dimethylformamide 


(Ts  =  p-toluenesulfonyl) 


[Pd  (II)] 


FIGURE  17.8  Alkene  diamination  involving  palladium(IV)  species  in  the  presence  of  hypervalent  iodine  oxidant. 
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17.1.3  Oxidative  Homo-  and  Cross-Couplings 
17.1.3.1  Iodine-Based  Coupling  Initiator 

Molecular  iodine  is  known  to  oxidize  carbanions  to  effectively  produce  carbon- 
centered  radicals.  Some  two  generated  radicals  would  dimerize  or  couple  with  each 
other,  leading  to  homocoupling  products  and  cyclic  compounds  in  inter-  and  intra¬ 
molecular  fashion,  respectively.  The  oxidative  C-C  bond-forming  strategy  was,  for 
example,  applied  to  the  iodine-induced  oxidative  dimerizations  of  stabilized  enolates 
of  ketones  and  carboxylic  acid  [20].  Another  variant  of  this  radical  coupling  is  based 
on  the  oxidation  of  stabilized  benzyl  carbanions  [21].  Dimerization  of  oxidizable 
electron-rich  indoles  via  electrophilic  3-iodo-3//-indol-l-iums  intermediates  was 
successfully  triggered  by  treatment  with  molecular  iodine  at  room  temperature,  but 
the  example  of  C-C  bond  formation  using  molecular  iodine  is  still  rare  [22].  Very 
recently,  catalytic  iodine  with  oxygen  or  fert-butyl  hydroperoxide  system  as  terminal 
oxidants  was  reported  for  the  first  time  for  the  oxidative  C-C  bond  formation  for  the 
C-H  bonds  neighboring  the  nitrogen  atom  in  tetrahydroisoquinones  [23].  This  new 
oxidative  coupling  methodology  is  compatible  with  effective  incorporation  of  a  large 
number  of  nucleophiles,  including  enols  and  active  methylene  compounds,  into  tet¬ 
rahydroisoquinones  (Fig.  17.9),  at  room  temperature.  It  was  explained  that  this  cata¬ 
lyst  system  regenerates  molecular  iodine,  whilst  in  situ  generated  hypoiodides  and 
further  oxidized  active  iodine  species  postulated  by  other  research  groups  [24,  25] 


FIGURE  17.9  Oxidative  coupling  of  reactive  sp3  C-H  bond  of  tetrahydroisoquinolines  with 
a  series  of  carbon  nucleophiles. 
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FIGURE  17.10  Decarboxylative  coupling  of  alkyl  radicals  to  specific  aromatic  rings  by 
means  of  degradation  of  hypervalent  iodine  compounds. 


during  the  catalytic  reactions  of  inorganic  and  organic  salts  of  iodide  (I )  in  the 
presence  of  peroxides  or  other  oxidants  in  other  oxygenations  thus  cannot  be  per¬ 
fectly  excluded.  Despite  these  recent  developments,  general  success  in  the  use  of 
molecular  iodine  and/or  hypoiodides  as  coupling  initiators  in  C-C  bond-forming 
couplings  is  very  limited. 

The  rare  examples  for  the  couplings  of  two  carbon  atoms  in  C-H  groups  mediated 
by  molecular  iodine  and  similar  low-valent  iodine  species  would  imply  the  difficulty 
of  using  monovalent  iodines  for  C-H  activations  in  an  expanding  range  of  C-C  bond 
formations.  Besides,  it  was  sometimes  insufficient  for  oxidations  of  less  reactive 
molecules  stable  under  oxidative  conditions,  though  the  mild  oxidation  power  of 
these  monovalent  iodines  is  very  useful  in  some  situations  for  performing  selective 
chemical  transformations  of  oxidizable  functionalities  in  complex  substrates.  Thus, 
higher- valent  iodine  species,  especially  hypervalent  iodine  reagents,  possibly  become 
a  new  tool  in  coupling  reactions  for  C-C  couplings  of  less  reactive  substrates.  Apart 
from  the  oxidative  coupling  between  C-H  bonds,  the  use  of  hypervalent  iodine 
reagents  instead  of  other  metal  oxidants  was  reported  in  decarboxylative  C-C  cou¬ 
plings  toward  heteroaromatic  compounds  involving  the  generation  of  alkyl  radicals 
[26].  The  alkyl  radicals  were  thus  formed  by  radical  decarboxylative  pathways  from 
carboxylic  acids  and  the  oxidant  under  irradiation  of  ultraviolet  (UV)  or  upon  heating, 
which  can  be  trapped  by  ir-deficient  A-heteroaromatics,  such  as  quinolones  and 
pyridines  (Fig.  17.10). 

In  theory,  the  attractive  merit  of  the  oxidative  coupling  strategy,  which  is  superior 
to  other  coupling  methods,  is  the  use  of  two  folds  of  C-H  bonds  in  each  coupling 
molecule.  The  conventional  first-generation  couplings  by  the  catalysis  of  transition 
metals  employ  organic  halides  and  organometallic  compounds  as  an  electrophile  and 
nucleophile,  respectively,  for  the  formation  of  carbon-carbon  bonds  [5],  thus 
requiring  prefunctionalization  of  the  coupling  substrates  (Fig.  17.11,  for  example,  of 
coupling  of  arenes).  Meanwhile,  oxidative  coupling  is  a  straightforward  and  direct 
route  that  can  reduce  the  synthetic  step  by  avoiding  the  preparation  of  substrates.  In 
addition,  this  strategy  includes  less  waste  material  generation  regarding  the  metal 
salts.  However,  early  studies  employing  heavy  metal  oxidants  revealed  that  effective 
coupling  by  the  oxidative  method  was  frequently  troublesome  because  the  formed 
coupling  products,  typically,  would  be  further  oxidized  and  would  tend  to  produce 
oligomers  and  undesired  by-products  derived  from  uncontrolled  oxidations. 
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(Zn,  B,  etc.)  (halogen,  etc.) 

FIGURE  17.11  General  cross-coupling  routes  to  biaryls. 


A  pioneering  metal-free  example  of  oxidative  coupling  was  first  presented  by  Kita 
and  coworkers  in  the  1990s  using  hypervalent  iodine  reagents,  specifically,  phenyli- 
odine  bis(trifluoroacetate)  (FIFA),  for  electron-rich  aromatic  compounds,  phenyl 
ethers.  It  was  surprising  that  under  known  conditions  the  reaction  of  hypervalent 
iodine  reagents  with  phenyl  ethers  would  normally  give  diaryliodonium  salts  by 
dehydrative  condensation.  The  unprecedented  oxidative  coupling  thus  seemed  to 
involve  a  new  reactivity  of  hypervalent  iodine  reagent.  Indeed,  the  unique  single- 
electron-transfer  (SET)  ability  of  FIFA  by  specific  activation  with  additive  and 
solvent  for  affording  the  corresponding  aromatic  cation  radicals  of  phenyl  ethers 
was  the  key  role  for  initiating  this  type  of  coupling  identified  by  the  same  research 
group  [27].  The  intramolecular  couplings  leading  to  cyclic  biaryls  via  formation  of 
aromatic  cation  radicals  effectively  proceeded  by  the  treatment  of  FIFA  with  two 
equivalents  of  Lewis  acids,  such  as  boron  trifluoride  and  trimethylsilyl  trifluoro- 
methanesulfonate  (TMSOTf)  (Fig.  17.12,  Eq.  1).  The  biaryl  synthetic  method 
utilizing  the  oxygen-,  sulfur-,  and  silicon-tethered  templates  could  provide  a  practical 
route  for  multisubstituted  biaryls  (Eq.  2)  [28].  The  formed  dibenzoheterocyclic  struc¬ 
tures  can  be  cleaved  by  general  procedures  to  give  the  symmetrical  or  unsymmetrical 
biaryls.  The  same  research  group  continuously  extended  the  SET  strategy  to  the 
intermolecular  variant  for  achieving  homocoupling  of  electron-rich  aromatic 
compounds  (phenyl  ethers  and  their  sugar  hybrid,  and  alkyl  arenes)  [29]  and  a  few 
other  heteroaromatic  compounds  [30].  During  these  studies,  Dominguez  and 
coworkers  also  expanded  this  chemistry  to  the  syntheses  of  benzo[c]phenanthridine 
system  and  heterobiaryl  compounds  [31]. 

Despite  their  being  ideal  with  regard  to  the  green  chemistry  aspect,  the  oxidative 
method  in  intermolecular  C-H  couplings  suffered  because  of  the  undesired  formation 
of  homodimers.  In  contrast,  when  the  reactions  of  naphthalene  and  mesitylene  or 
pentamethylbenzene  (Eig.  17.13,  Eq.  1)  were  examined  using  hypervalent  iodine 
coupling  conditions,  the  unexpected  cross-coupling  event  occurred  exclusively, 
which  was  also  discovered  by  Kita  and  coworkers  [32].  The  oxidative  cross-biaryl 
coupling  between  aromatic  hydrocarbons  was  quite  difficult  because  the  reactivity  of 
these  substrates  toward  oxidant  is  too  similar  to  discriminate  one  of  these  molecules 
selectively  for  activation.  Even  the  novel  method  using  a  palladium  catalyst  with 
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FIGURE  17.12  Hypervalent  iodine-induced  intramolecular  biaryl  couplings  via  SET 
oxidation  process. 

potassium  persulfate  in  the  presence  of  trifluoroacetic  acid  [33]  was  not  successful, 
resulting  in  the  major  formation  of  a  homocoupling  product  of  mesitylene;  the  reac¬ 
tion  of  naphthalene  with  mesitylene  produced  a  large  amount  of  mesitylene  dimer 
together  with  low  yield  formation  of  the  desired  mixed  biaryl  of  naphthalene  and 
mesitylene.  Also,  typical  heavy  metal  oxidants  (i.e.,  V(V)-,  Mn(III)-,  Mo(V)-, 
Fe(III)-,  Tl(III)-,  and  Pb(IV)-based  oxidants),  nitric  acid-based  oxidants,  and  anodic 
oxidations  were  previously  tested  for  several  types  of  intermolecular  cross-couplings, 
but  all  failed  with  regard  to  selective  access  to  mixed  biaryl  compounds.  The  facts 
clearly  suggest  that  the  use  of  a  hypervalent  iodine  reagent  is  indispensable  for 
selective  cross-couplings  and  efficient  reactions. 

Like  the  typical  SET  oxidation  mechanism  using  a  hypervalent  iodine  reagent 
through  the  charge-transfer  complex  (see  Fig.  17.12),  selective  cross-coupling  is 
hypothesized  by  the  generation  of  a  naphthalene  cation  radical.  Subsequent  in  situ  trap¬ 
ping  of  the  cation  radical  by  the  existing  mesitylene  and  the  further  one-electron 
oxidation  and  deprotonation  furnish  the  aryl-aryl  bond  to  give  the  mixed  biaryl.  The 
fast  and  selective  SET  event  of  naphthalene  over  mesitylene  should  occur  for  the  real¬ 
ization  of  the  cross-coupling;  otherwise,  homodimer  formation  would  potentially 
occur.  This  can  be  experimentally  expected  by  the  measured  oxidation  potential  of  the 
aromatic  compounds  (naphthalene:  [Z?"*]  =  1.64  V,  mesitylene:  [£^*]  =  1.83  V,  respec¬ 
tively);  however,  the  high  selectivity  toward  naphthalene  in  the  SET  activation  by  FIFA 
cannot  be  determined  simply  by  the  oxidation  potential.  For  example,  the  successful 
coupling  of  naphthalene  ([£®’‘]  =  1.64  V)  and  pentamethylbenzene  ([£°’‘]  =  1.58  V) 
cannot  be  explained  only  by  the  oxidation  potentials.  The  unusual  chemoselectivity 
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FIGURE  17.13  Oxidative  cross-biaryl  couplings  via  selective  formation  of  aromatic  cation 
radicals  by  hypervalent  iodine  SET  oxidations. 


probably  indicated  that  FIFA  would  not  form  the  C-T  complex  with  the  multiply  sub¬ 
stituted  aromatic  compounds  by  the  steric  factor. 

By  exploiting  the  SET  oxidizing  ability  of  hypervalent  iodine  reagents,  very  diffi¬ 
cult  intermolecular  cross-coupling  of  highly  oxygenated  aromatic  compounds  was 
also  accomplished  by  defining  an  oxidant  (Fig.  17.13,  Eq.  2)  [34].  In  this  case,  the 
use  of  a  perfluorinated  alternative  (CjFj^OCOCFj)^,  FPIFA)  was  important  to  expel 
homocoupling,  and  FIFA  caused  cross-coupling  along  with  approximately  10% 
formation  of  the  undesired  homodimer  of  methoxybenzene.  Overoxidation  of  the 
formed  biaryl  that  is  sensitive  to  oxidation  can  be  ruled  out,  which  is  rationalized  by 
considering  the  steric  repulsion  in  the  C-T  complex  formation.  Apparently,  the 
methoxybenzene  ring  located  perpendicular  in  the  biaryl  product  sterically  hampers 
the  complexation  with  FPIFA. 

The  SET-induced  cross-coupling  strategy  was  also  extended  by  another  research 
group  to  the  direct  C3  arylation  of  A-acetylindoles  with  anisoles  [35].  An  application 
of  the  naphthalene-mesitylene  cross-coupling  in  Fig.  17.13  appeared  for  direct  four- 
component  assembly  en  route  to  linear  oligonaphthoarene  molecules  with  a  binaph¬ 
thyl  core  [36].  The  method  represents  an  attractive  straightforward  alternative  to  the 
multistep  syntheses  based  on  the  traditional  metal-catalyzed  cross-couplings. 

The  intermolecular  oxidative  coupling  of  phenols  is  extremely  difficult  due  to 
the  sensitivity  of  the  remaining  phenol  functionality  in  the  coupling  products. 
Indeed,  the  rate  of  coupling  is  compatible  with  that  of  the  activation  of  phenol 
starting  materials  (Fig.  17.14,  versus  k^),  causing  the  competitive  overoxidation 
of  the  phenol  coupling  products.  Therefore,  enhancing  the  rate  k^  of  the  ligand 
exchange  process  of  phenols  at  the  hypervalent  iodine  atom  is  essential  to  realize 
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FIGURE  17.14  Oxidative  cross-biaryl  couplings  of  phenols  using  hypervalent  iodine 
reagent. 


efficient  phenol  cross-coupling.  Recently,  addition  of  acetic  acid  has  been  found  to 
remarkably  affect  the  enhancement  of  the  coupling  yield  in  the  phenol  oxidative 
cross-couplings  [37].  As  the  phenol  rapidly  interacts  with  the  activated  iodine 
reagent  with  the  aid  of  acetic  acid,  homocoupling  of  the  phenols  and  overoxidation 
of  the  coupling  products  are  suppressed.  The  reaction  generally  involves  the  gener¬ 
ation  of  a  phenoxenium  cation  by  the  two-electron  oxidation  of  phenols  via  the 
phenoxyiodine(III)  intermediate,  which  then  reacts  preferentially  at  the  para  over 
the  ortho  positions  with  another  coupling  partner.  On  the  other  hand,  the  formation 
of  an  aromatic  cation  radical  in  Fig.  17.13  for  phenols  renders  the  product  biased 
to  undesired  homocoupling.  Therefore,  the  controllable  two-electron  oxidizing 
ability  of  the  hypervalent  iodine  reagent  by  addition  of  acetic  acid  is  highly  impor¬ 
tant  for  the  successful  cross-coupling  of  phenols.  The  reaction  is  applicable  for 
direct  synthesis  of  hexahydroxytriphenylene,  a  discotic  liquid  crystal,  by  the 
oxidative  tricyclization  of  catechol. 

It  is  known  that  the  oxidations  of  p-methoxy-substituted  phenols  and  A-protected 
anilines  with  FIFA  and  other  hypervalent  iodine  reagents  in  the  presence  of  electron- 
rich  styrene  derivatives  results  in  the  formation  of  trani-dihydrobenzofurans  and 
indoles,  the  formal  [3h-2]  coupling  products  at  the  phenolic  oxygen  or  aniline 
nitrogen,  and  their  ortho  aromatic  carbon,  albeit  in  low  yields  [38].  With  respect  to 
the  protocols  of  the  reported  phenolic  oxidations  with  hypervalent  iodine  reagents  in 
fluoroalcohols  (see  Chapters  7  and  16),  a  unique  oxidative  coupling  utilizing  similar 
cycloadducts  of  suitably  A-protected  anilines  and  phenols  with  aromatic  compounds 
as  an  intermediate  has  recently  been  suggested  by  Canesi’s  research  group  (Fig.  17.15) 
[39].  In  contrast  to  the  results  in  Fig.  17.14  [37],  this  coupling  is  useful  for  the  cou¬ 
pling  of  phenols  at  the  ortho  positions  in  good  yields.  During  this  coupling,  dearoma- 
tized  formal  [3h-2]  cycloadducts  are  first  formed  from  the  phenols  or  anilines 
containing  a  sulfonyl  group  after  trapping  of  the  in  situ  generated  phenoxenium  ions 
and  related  A-analogues  by  another  aromatic  partner.  The  presence  of  substituents  (R 
in  Fig.  17.15)  on  the  4-position  of  the  aromatic  ring  directs  the  course  of  the  reaction 
site  exclusively  at  the  ortho  positions.  By  subsequent  treatment  with  an  acid,  the  iso- 
latable  tricyclic  intermediates  can  then  in  situ  readily  collapse  into  the  finally 
observed  cross-coupling  biaryls  with  aromatization  as  the  driving  force.  Thus,  formal 
cross-coupling  via  the  cycloadducts  differs  from  the  earlier-mentioned  coupling 
examples  with  regard  to  the  reaction  mechanism. 
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FIGURE  17.15  An  alternative  new  coupling  via  [3  +  2]  cycloadducts  of  phenols  and  anilides 
with  aromatics. 
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FIGURE  17.16  Oxidative  biaryl  couplings  of  A-arylsulfonamides  with  aromatic  hydrocar¬ 
bons.  (1)  stoichiometric  method;  (2)  in  situ  catalytic  strategy  utilizing  2,2’-diiodobiphenyl 
designer  catalyst. 


Kita  and  coworkers  have  reported  the  direct  formations  of  biaryl  compounds  by 
similar  oxidative  coupling  of  A-alkylsulfonyl  anilides  and  a  variety  of  aromatic  com¬ 
pounds,  specifically,  nonactivated  aromatic  hydrocarbons  [40].  Under  stoichiometric 
hypervalent  iodine  conditions,  suitably  protected  anilides  can  typically  couple  with 
aromatic  nucleophiles  at  the  orf/to-carbons  of  the  nitrogen  group  (Fig.  17.16,  Eq.  1). 
By  selecting  the  alkylsulfonyl  groups,  the  C-selective  reactions  occur  over  the 
reported  facile  A-arylation  processes  for  typical  aniline  substrates  [41],  probably 
through  the  stabilization  of  the  positively  charged  aromatic  ring  at  the  ortho  positions 
by  possible  c-donation  of  the  sulfonyl  oxygens.  Thus,  the  role  of  the  substituent 
attached  to  the  nitrogen  atom  is  very  important  both  in  controlling  the  selectivity  and 
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in  suppressing  undesired  overoxidations,  and  the  moderate  steric  size  of  methanesul- 
fonyl  group  generally  provides  good  results.  The  cycloadducts  observed  in  Fig.  17.15 
were  not  detected  under  catalytic  conditions. 

In  this  work,  notably,  the  same  research  group  has  further  extended  the  reaction 
system  to  the  catalytic  version  (Fig.  17.16,  Eq.  2).  This  is  the  first  report  of  the  C-H/ 
C-H'  oxidative  cross-biaryl  coupling  under  the  organocatalysis  in  the  intermolecular 
manner.  Success  depends  on  the  designation  of  the  specific  2,2'-diiodobiphenyl  cat¬ 
alysts  that  produce  in  situ  highly  reactive  hypervalent  iodine  species,  and  these  cata¬ 
lysts  can  afford  the  same  biaryl  products,  while  other  monomeric  organoiodine 
compounds  examined  in  the  study  failed  to  significantly  decrease  the  product  yields 
(e.g.,  10  mol%  iodobenzene;  up  to  38%  yield  for  the  coupling  of  4-bromo-Af- 
methanesulfonyl-l-naphthynamine  and  p-xylene).  In  future,  it  is  expected  that  such 
catalyst-controlled  methods  will  become  important  for  developing  greener  synthetic 
methods  using  hypervalent  iodine-based  cross-coupling  strategies. 

17.1.4  Metal  Catalyst-Free  Carbon-Carbon  Bond-Forming  Cross-Coupling 
Involving  Hypervalent  Iodine  Oxidants  And  Species  as  Carbon  Sources 

1 7. 1.4.1  Reactions  Involving  Reactive  Organoiodonium  Intermediate 
Before  the  establishment  of  transition  metal  chemistry  in  the  cross-couplings,  the 
reactions  of  diaryliodonium  salts  for  arylation  of  several  types  of  organometallic 
reagents,  such  as  Grignard  reagent  and  organolithium  compounds,  were  investigated, 
especially  by  Beringer’s  group  [41].  The  sole  use  of  these  salts  in  metal  catalyst-free 
processes  was,  however,  usually  unsatisfactory  in  terms  of  product  yields;  hence  a 
transition  metal  catalyst  was  highly  desirable  for  improving  the  yield  and  reaction 
scope  [42].  Much  later,  the  reaction  of  allyltrimethylsilane  with  a  few  aromatic  com¬ 
pounds  was  reported  using  hypervalent  iodine  reagent  for  allylation  of  aromatic 
rings;  it  was  suggested  that  the  reaction  involves  a  reactive  allyl  iodine  intermediate 
[43].  At  almost  the  same  time,  C-C  bond  formations  in  the  reactions  of  Lewis  acid- 
activated  hypervalent  iodine  reagent  (PhIO  and  tetrafluoroboric  acid  combination)- 
silyl  enol  ether  adduct  with  electron-rich  alkenes  and  other  ;r-nucleophiles  were  also 
demonstrated  [43].  In  this  case,  the  reactive  a-ketomethyl  aryliodonium  intermediate 
was  generated  at  the  first  step  by  a  low-temperature  reaction  of  silyl  enol  ethers  and 
the  reagent.  The  successive  treatment  with  ;t-nucleophiles  at  elevated  temperature 
afforded  a-ketomethylated  coupling  products  in  a  few  cases. 

In  spite  of  these  examples  of  metal  catalyst-free  cross-couplings  in  the  1980s,  they 
drew  only  limited  interest  from  organic  chemists  due  to  narrow  applicability  of  the 
substrates  and  coupling  combinations.  In  2009,  Kita  and  coworkers  reported  a  metal- 
free  oxidative  cross-coupling  reaction  based  on  the  new  activation  of  heteroaromatic 
diaryliodonium(III)  salts  (Fig.  17.17)  [44].  In  this  novel  coupling,  the  iodonium  salts 
were  first  in  situ  prepared  effectively  in  a  fluoroalcohol  solvent  by  treatment  of  hetero¬ 
aromatic  compounds  (thiophenes  and  pyrroles)  with  [hydroxy(tosyloxy)iodo]benzene 
(HTIB,  Koser’s  reagent,  Ts  =  p-toluenesulfonyl)  at  room  temperature  [45].  The 
sequential  cross-coupling  was  triggered  by  bromotrimethylsilane  (TMSBr),  and  thus 
the  cross-coupled  biaryls  were  produced  upon  addition  of  other  nucleophilic  aromatic 
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FIGURE  17.17  Diaryliodonium  salt  strategy  for  couplings  of  heteroaromatics. 
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FIGURE  17.18  Unique  coupling  selectivity:  head-to-tail  (H-T)  thiophene  dimer  formation 
and  its  application  for  the  efficient  synthesis  of  a  photovoltaic  dye  molecule,  MK-2. 


coupling  partners  followed  by  TMSBr  to  the  solution  of  diaryliodonium  salts.  No 
reaction  would  occur  in  the  absence  of  TMSBr.  Among  the  series  of  diaryliodonium 
salts  having  different  counterions,  only  iodonium  bromides  [46]  can  work  as  a  cross¬ 
coupling  initiator,  even  with  the  action  of  other  Lewis  and  Brpnsted  acids,  and  thus 
they  were  determined  as  the  key  reaction  intermediates.  The  iodonium  bromides 
would  be  generated  by  facile  ligand  exchange  of  tosylate  by  the  silyl  bromide. 
Interestingly,  the  reaction  proceeded  in  a  manner  to  remote  arylation  of  the  iodonium 
functionalities.  The  highly  polar  and  less  nucleophilic  protic  solvent,  hexafluoroiso- 
propanol  [47],  seems  to  assist  the  formal  Sj,j2'  hydroarylation  with  the  arenes. 

Regarding  the  substrate  scope,  the  treatment  of  various  electron-rich  heteroaro¬ 
matic  compounds  with  nucleophilic  aromatic  partners  under  cross-coupling  condi¬ 
tions  produced  the  corresponding  mixed  heteroaromatic  biaryls  in  very  good  yields 
as  the  sole  coupling  product.  Formation  of  homodimer  was  not  observed  in  every 
case.  During  the  transformations,  the  reactions  would  proceed  selectively  at  the 
a-carbon  of  the  heteroaromatic  rings. 

A  variety  of  unsymmetrical  dimers  of  3-alkyl  and  alkoxy  thiophenes  can  be  pre¬ 
pared  by  this  method  via  iodonium  salts  without  the  formation  of  other  regioisomers 
[48].  For  example,  the  desired  H-T-linked  thiophene  dimer  was  obtained  in  a  perfect 
regio  (over  99%  selectivity)  from  3-hexylthiophene  with  the  standard  procedure  that 
uses  HTIB  and  TMSBr  (Fig.  17.18).  The  3-alkyl  thiophenes  are  inherently  reactive  at 
the  most  electron-rich  2-position  of  the  thiophene  ring,  rapidly  yielding  the 
corresponding  thienyliodonium(III)  salts  by  the  dehydrative  condensation  with  HTIB 
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FIGURE  17.19  Alternative  cross-coupling  of  heteroaryliodonium  salts  based  on  SET 
oxidation  process. 


[45]  during  the  transformation.  Interestingly,  the  formed  salts,  on  the  other  hand,  can 
exclusively  react  with  external  aromatic  nucleophiles  by  suitable  activations  at  the 
alternative  a-position  of  the  thiophene  ring  remote  to  the  iodonium  functionality.  As  a 
result,  the  two-thiophene  connection  can  selectively  occur  at  the  5-position  of  the  thio¬ 
phene  ring  of  the  iodonium  salts  and  the  inherently  reactive  2-position  of  the  3-alkyl- 
thiophenes.  This  type  of  oxidative  coupling  is  quite  unique  for  hypervalent  iodine 
reagents,  as  other  oxidative  coupling  methods  that  use  metal-based  oxidants  would 
typically  produce  symmetric  homodimers  as  the  major  product.  In  general,  electron- 
rich  mixed  heteroaromatic  biaryls  are  promising  synthetic  precursors  in  many  scientific 
fields.  Therefore,  this  selectivity  switching,  a  concept  for  modulating  the  reactivity  of 
the  heteroaromatic  compounds  based  on  the  involvement  of  iodonium  salts,  has  been 
further  applied  to  concise  syntheses  of  several  useful  artificial  molecules  utilizing 
organic  materials,  such  as  the  efficient  photovoltaic  donor-acceptor  oligothiophene 
dye,  MK-2,  which  has  dramatically  improved  yields  compared  to  known  approaches. 

A  unique  coupling  strategy  in  hybridizing  the  earlier-discussed  two  mechanisti¬ 
cally  different  couplings  has  been  pioneered  by  utilizing  SET  oxidation  ability  of  in 
situ  formed  diary liodonium  intermediates  [49].  The  SET  oxidizing  coupling  strategy 
is  operative  using  heteroaryliodonium  bromides  with  the  activation  of  TMSOTf 
under  metal-free  conditions  (Eig.  17.19).  The  iodonium  substrates  themselves  are 
inactive  toward  any  aromatic  compound,  and  the  added  Lewis  acid  plays  a  key  role 
for  inducing  the  SET  oxidation  process,  which  was  confirmed  by  spectroscopic 
studies.  Enhancing  the  electrophilicity  of  the  iodine  atom  of  the  salts  through 
coordination  of  the  Lewis  acid  to  the  bromo  atom  seems  to  facilitate  the  initial  inter¬ 
action  to  form  the  C-T  complex  of  the  salts  and  aromatic  rings.  The  electron-rich 
heteroaryl  ring  transfers  to  the  generated  aromatic  cation  radical  in  preference  to  the 
less  electron-rich  phenyl  group  of  iodonium  salts,  finalizing  ipso  substitution  to  yield 
heteroaromatic  biaryl  products.  The  ipso  selectivity  is  a  clear  contrast  to  the  non-SET 
coupling  described  in  Fig.  17.17. 

The  reactivities  of  diaryliodonium  salts  such  as  arylating  agents  under  acidic  con¬ 
ditions  have  rarely  been  reported  to  date,  since  these  salts  scarcely  react  to  organic 
molecules  except  under  basic  conditions,  using  a  catalyst  or  at  high  temperature  (see 
the  next  part  on  the  reactions  of  iodonium  salts  with  other  nucleophiles).  The  results 
in  Fig.  17.19  were  thus  the  first  and  only  examples  revealing  the  unprecedented  SET 
oxidation  ability  of  iodonium  salts,  while  the  SET  oxidation  ability  of  hypervalent 
iodine  reagents  having  one  carbon  group  (i.e.,  phenyliodine(III)  bis(trifluoroacetate) 
(FIFA))  has  now  become  popular  [27]. 
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FIGURE  17.20  Other  metal-free  oxidative  couplings  using  diaryliodonium  salts. 


To  summarize,  these  new  couplings  based  on  the  diaryliodonium  intermediates 
have  been  discovered  during  the  challenges  associated  with  uncovering  the  new  reac¬ 
tivities  of  the  (T-aryl  hypervalent  iodine  compounds.  These  new  metal  catalyst-free 
oxidative  couplings  via  the  diaryliodonium  intermediates  were  tolerant  of  a  wide 
range  of  substrates  [50].  The  use  of  recyclable  alternatives  to  the  hypervalent  iodine 
reagents  was  possible  and  could  improve  the  reactions  to  be  more  practical  [51]. 

The  research  field  of  metal-free  couplings  using  hypervalent  iodine  reagents  is 
further  expanding  by  using  diaryliodonium  salts  [52].  It  has  been  revealed  that 
indoles  and  pyrroles  can  be  arylated  at  high  temperature  at  the  p-positions,  producing 
biaryls  in  moderate  yields  even  in  the  absence  of  metal  catalysts  (Fig.  17.20,  Eq.  1). 
In  addition,  base-promoted  arylation  of  arenes  and  A^-heteroarenes  with  diaryliodo¬ 
nium  salts  has  been  described  (Eq.  2).  More  recently,  naphthalene  and  other  polyaro¬ 
matic  compounds  with  diaryliodonium  salts  has  been  reacted  under  microwave 
irradiation  at  150“C  for  base-,  metal-,  and  solvent-free  C-H  arylation  (Eq.  3). 

17.1.4.2  Reactions  of  lodonium  Salts  with  Other  Nucleophiles 
Along  with  the  synthetic  advances  for  their  preparation  (see  Chapter  16),  diaryliodo¬ 
nium  salts  have  been  used  in  organic  synthesis  as  versatile  arylating  agents  and  for 
other  applications  [42].  These  compounds  are  generally  stable  to  air  and  moisture, 
and  in  recent  years,  some  research  groups  have  successfully  developed  convenient 
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synthetic  routes  from  unfunctionalized  arenes  with  hypervalent  iodine  reagents  or 
iodoarenes  in  combination  with  appropriate  oxidants  [53].  By  utilizing  the  excellent 
nature  of  the  hypervalent  iodine  compounds  as  a  leaving  group  that  would  form  a 
more  stable  monovalent  iodine  state,  it  was  revealed  in  early  reports  that  the  iodo- 
nium  salts  can  react  with  anionic  nucleophiles  under  basic  conditions  for  use  in 
nucleophilic  substitutions  with  organometallic  reagents  and  heteroatomic  anions 
[41],  metal  enolates  [54],  and  its  analogues  [55],  in  the  absence  of  any  catalyst.  With 
recent  further  optimizations  and  elucidations  for  these  early  studies  aiming  at  pro¬ 
ducing  more  valuable  transformations,  the  iodonium  salts  in  anionic  metal-free 
nucleophilic  couplings  seems  to  have  gained  increasing  importance  in  organic  chem¬ 
istry.  In  this  section,  we  briefly  describe  several  recent  developments  regarding  this 
subject. 

The  enantioselective  introduction  of  electrophiles  to  the  a-carbon  of  carbonyl 
groups  has  remained  a  challenging  topic  in  organic  synthesis,  having  been  widely 
investigated  by  many  researchers.  In  1999,  Ochiai  and  coworkers  reported  the  asym¬ 
metric  a-phenylation  of  cyclic  p-keto  esters  using  chiral  diaryliodonium  salts  based 
on  the  l,r -binaphthalene  structure  under  basic  conditions  [56].  Although  the  selec¬ 
tivity  was  low  (up  to  53%  ee  with  37%  yield  of  the  product)  and  applicability  was 
limited  to  only  few  substrates  (Fig.  17.21,  Eq.  1),  this  is  the  first  report  describing  the 
utilization  of  optically  active  diaryliodonium  salts  in  an  asymmetric  reaction. 

As  the  second  example  of  asymmetric  a-arylation  of  ketones  using  typical  iodo¬ 
nium  salts,  Aggarwal  and  Olofsson  suggested  the  utilization  of  chiral  lithium  amide 
as  a  counterbase  for  generating  chiral  enolates  [57].  The  method  involves  Simpkins’ 
base  (chiral  a-methyl  benzylamine  base)  [58]  to  desymmetrize  4-substituted  cyclo¬ 
hexanones  by  asymmetric  enolization  followed  by  nucleophilic  coupling  with  the 
diaryliodonium  salts,  producing  a-aryl  cyclic  ketones  with  high  enantioselectivities 
(Fig.  17.21,  Eq.  2).  Fortunately,  the  new  reaction  was  successfully  applied  during  a 
concise  synthesis  of  the  alkaloid,  (-)-epibatidine. 


chiral  iodonium 
salt 


r-BuOK,  t-BuOH 
r.t. 


O 


37%  yield,  53%  ee 


(Bn  =  benzyl) 
chiral  iodonium  salt 


Ph 


'Ph 


tetrahydrofuran 
-118°C 

N(Boc)2 

(Boc  =  ?-butoxy  carbonyl) 


N(Boc)2  H-epibatidine 


41%  yield,  94%  ee 
(dr  >20:1) 


(2) 


FIGURE  17.21  Asymmetric  direct  a-arylation  of  carbonyl  compounds  using  chiral  diaryli¬ 
odonium  salt  (Eq.  1)  or  chiral  base  (Eq.  2). 
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To  date,  only  these  two  types  of  metal-free  asymmetric  a-arylations  where  the 
asymmetric  induction  is  controlled  by  the  chiral  iodonium  salt  or  the  chiral  lithium 
base  have  been  described  in  the  literature. 

Ozanne-Beaudenon  and  Quideau  reported  some  phenoxides  as  an  alternative 
carbon  nucleophile  toward  diaryliodonium  salts  [59].  Usual  0-arylation  event  for 
diary liodonium  salts  [41]  did  not  occur,  but  their  report  somewhat  accompanied 
unprecedented  dearomatization  of  specific  phenols  and  naphthols  along  with  the 
C-arylation  based  on  the  ambident  nature  of  the  used  phenoxides,  giving  arylated 
cyclohexa-2,4-dienone  derivatives  (Fig.  17.22). 

In  recent  years,  Olofsson’s  research  group  has  mainly  been  contributing  to 
significant  improvements  to  the  classically  reported  nucleophilic  substitutions  for  the 
diaryliodonium  salts  by  further  optimizing  the  reaction  conditions.  The  optimiza¬ 
tions  regarding  the  base,  solvent,  temperature,  and  reaction  time  have  defined  the 
reliable  conditions  as  the  use  of  potassium  fert-butoxide  in  tetrahydrofuran  for  the 
(9-arylation  of  phenols  and  of  the  same  base  in  refluxing  toluene  for  the  carboxylic 
acids,  which  enables  very  efficient  and  practical  metal-free  (?-arylations  of  a  broad 
scope  of  phenols  and  carboxylic  acids  under  mild  conditions  (Fig.  17.23,  Eqs.  1  and 
2)  [60]. 

These  arylations  are  applicable  to  sulfonic  acids,  which  provide  0-arylated  sulfo¬ 
nate  esters.  On  the  other  hand,  a  metal-free  5-arylation  salts  forming  diaryl  sulfones 
occurred  for  arylsulfinic  acid  salts  using  diaryliodonium  salts  (Fig.  17.23,  Eq.  3)  [61]. 


r-' 

C' 


OPh 


R2 

0-arylation  products 


FIGURE  17.22  Dearomatizing  C-arylation  of  phenols  and  naphthols  using  diaryliodonium 
salts  as  an  arylating  agent. 
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FIGURE  17.23  Efficient  metal  catalyst-free  arylations  of  heteroatoms  utilizing  diaryliodo¬ 
nium  salts. 
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Nucleophilic  amination  and  fluorination  of  diarylidonium  salts  are  also  possible  by 
employing  suitably  N-protected  amines  and  appropriate  fluoride  salts  as  nucleophiles 
for  the  metal-free  N-arylation  [62]  and  synthesis  of  aryl  fluorides  [63],  respectively. 

In  addition,  the  aqueous  reaction  of  sodium  tetraphenylborate  and  diaryliodonium 
salts  was  reported  under  microwave  irradiations  for  the  Suzuki-type  biaryl  couplings 
[64].  However,  these  couplings  proceeded  even  with  the  monovalent  iodoarenes  in 
the  presence  of  the  inorganic  salt  albeit  with  low  yields  [65].  Because  of  the  lack  of 
detailed  investigations,  there  is  confusion  about  whether  the  mechanistic  aspects  of 
the  reactions  really  belong  to  a  “metal  catalyst-free”  coupling  or  whether  they  would 
work  “without  adding  extra  transition  metal  catalyst”  by  only  relying  on  the  homeo¬ 
pathic  quantities  of  the  palladium  metal  contaminant. 
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18.1  METAL  lODIDES-MEDIATED  REACTION 

Recently  a  number  of  reactions  have  been  published  regarding  the  use  of  metal 
halides  in  organic  synthesis.  Among  them,  metal  chlorides  and  bromides  are  most 
frequently  used  for  many  organic  transformations,  whereas  an  increasing  number  of 
papers  have  appeared  using  metal  iodides  in  this  particular  decade,  and  they  are  most 
conveniently  categorized  as  follows: 

1 .  As  sources  of  an  iodide  ion:  Examples  of  Mgl^-,  Inl^-,  Sml^-,  and  Til^-mediated 
iodinations/organic  transformations  are  representative  (Eq.  1)  [1]. 

Mgl2 

CCI4, 
r.t.  61% 

2.  As  sources  of  metal  ions  (involving  low-valent  metals):  Ini-,  Sml^-,  and  Til^- 
mediated  reductive  transformations  represent  typical  examples  (Eq.  2)  [2]. 

SePh  (2) 
NHBoc 


Ph' 


N 

I 

Boc 


Inl 

PhSeSePh 


CH2CI2,  r.t. 
94% 
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3.  As  promoters  for  chemoselective  reactions  (involving  use  as  Lewis  acids):  For 
example,  relatively  mild  Lewis  acidity  of  metal  iodides  as  compared  with  their 
chloro  and  bromo  counterparts  offers  specific  transformations  (Eq.  3)  [3]. 


In  this  chapter,  among  metal  iodides  recently  introduced  in  the  literature,  particular 
attention  is  given  to  characteristic  features  of  Sml^  and  Til^,  and  their  use  in  synthetic 
organic  chemistry  is  discussed  in  detail. 


18.1.1  Introduction 

Titanium(IV)  iodide  [4]  is  a  rare  molecular  binary  metal  iodide,  consisting  of  iso¬ 
lated  molecules  of  tetrahedral  Ti(IV)  centers.  Til^  can  be  distilled  without  decompo¬ 
sition  at  1  atm  (bp  377°C).  It  is  also  conveniently  purified  by  sublimation  (180°C/0.8 
mmHg).  The  compound  is  a  close  relative  to  TiCl^.  The  difference  in  melting  point 
between  TiCl^  (mp  -24°C)  and  Til^  (mp  150°C)  is  comparable  to  the  difference  bet¬ 
ween  the  melting  points  of  CCl^  (mp  -23°C)  and  CI^  (mp  168°C),  reflecting  the 
stronger  intermolecular  van  der  Waals  bonding  in  the  iodides.  Regarding  the  use  of 
titanium  halides  in  organic  synthesis,  although  titanium  tetrachloride  is  frequently 
used  in  Mukaiyama  aldol-type  reaction  and  pinacol  coupling  reaction  via  low- valent 
species,  titanium  iodide  is  rarely  used  for  such  reactions.  Recent  studies  show  that 
titanium  tetraiodide  is  an  excellent  reagent  for  the  reductive  formation  of  enolate 
species  from  a-halo  carbonyl  or  imino  compounds,  and  the  subsequent  reactions 
with  carbonyl  compounds  give  aldol  products  in  good  yields.  Regarding  chemoselec¬ 
tive  reductions  using  titanium  tetraiodide,  a-dicarbonyl  or  a-imino  carbonyl  com¬ 
pounds  were  chemoselectively  reduced  with  Til^  to  give  a-hydroxy  or  amino  ketones, 
respectively.  Subsequent  reactions  with  aldehydes  or  imines  realize  the  selective 
formation  of  1,2-diol  or  diamine  derivatives.  Pinacol  coupling  of  aromatic  and  unsat¬ 
urated  aldehydes  was  efficiently  promoted  by  titanium  tetraiodide  in  propionitrile  to 
give  the  1,2-diol  derivatives  with  high  selectivities  in  high  yields.  Chemoselective 
deoxygenation  of  sulfoxides  was  also  carried  out  successfully  to  give  sulfides  in 
good  to  excellent  yields.  In  this  chapter  the  following  three  types  of  reactions  are 
discussed. 


1.  Use  as  Lewis  acid 

2.  lodination  reaction 

3.  Reduction 
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18.1.3  lodination 

Titanium  iodide  is  a  good  iodination  reagent  for  olefins  and  acetylenes.  When  alkynyl 
ketone  is  treated  with  titanium  iodide,  the  iodotitanation  reaction  proceeds  to  give 
iodo  allenolate,  which  in  turn  adds  to  aldehyde  to  afford  a-iodovinylidene-p- 
hydroxyketone.  This  kind  of  reaction  is  reported  using  titanium  bromide  and  chloride 
as  a  halogenation  reagent  to  give  the  corresponding  bromide  and  chloride,  respec¬ 
tively  (Eq.  5)  [9a].  In  a  similar  manner,  allenyl  vinyl  ketones  undergo  interesting 
cyclization  reactions  to  give  cyclopentenones  (Eqs.  6-7)  [9b]  (Eig.  18.2). 

Simple  olefins  are  also  iodinated  with  titanium  iodide  to  give  iodoalkanes  in 
moderate  to  good  yields  (Eq.  8).  Phenyl  acetylene  gives  a-iodostyrene,  whereas 
2,2-diiodoalkanes  are  major  products  from  1-alkynes  when  they  are  treated  with 
titanium  (IV)  iodide  (Eqs.  9  and  10)  [10a].  In  the  presence  of  acetals,  the  reaction 
gives  intriguing  C-C  bond  forming  products  (Eqs.  11  and  12)  [10a,  10b]  (Eig.  18.3). 

When  a  suitable  vinyl  ketone  is  used,  an  intramolecular  Prins  cyclization  takes 
place  to  give  an  iodo  alcohol  in  moderate  yield  (Eq.  13)  [11].  Aza-Prins-type  reac¬ 
tion  also  proceeds  with  activated  imines  to  give  1,3-iodoamines  in  good  yield  (Eq. 
14)  [12].  2-Iodopyridines  are  conveniently  prepared  via  an  attack  of  iodide  anion 
onto  the  cyano  group  followed  by  cyclization  (Eq.  15)  [13]  (Eig.  18.4). 

Cyclopropanes  can  be  used  for  good  acceptors  of  iodine.  Eor  example,  spiro[2.5] 
cycloocta-4,7-dien-6-one  undergoes  ring-opening  iodination  reaction  to  give  aromatized 
iodoethylphenol  (Eq.  16)  [14].  Titanium(IV)  iodide  reacts  with  diethyl  azodicarboxylate 
(DEAD)  to  generate  iodine.  This  reaction  is  used  for  the  ring-opening  diiodination  of 
gem-aryl-  disubstimted  methylenecyclopropanes  (Eq.  17)  [15].  Other  examples  involving 
the  iodination  of  sulfonates  with  Til^  are  also  known  [16]  (Eig.  18.5). 


R  =  Me  (28%) 

R  =  4-MeOC6H4  (27%) 
R  =  4-CF3C6H4  (14%) 


FIGURE  18.2  Iodotitanation  reagent  1. 
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1. Til4(1.0  eq.) 
CH2CI2,  r.t.,  12  h 

2.  H2O  ' 


1. Til4(1.0  eq.) 
CH2CI2,  r.t.,  8  h 

2.  H,0 


1. Til4(1.0  eq.) 

CH2Cl2,r.t.,16h 

2. H2O  ’ 


I  Til4(1.0eq.) 

P-CIC6H4  OMe  CH2CI2,  0°C,  12  h 
62% 

(1.0  eq.) 


I  I 


P-CIC6H4 


I  Ph  I 


OMe  Til4(1.0eq.)  Ph^^(3.0eq.) 

Ph'^OMe  CH2CI2,  r.t.,  5  min  CH2CI2,  0°C  to  r.t.,  6  h  I  Ph  Ph 


68%,  (Z,Z)  :  (Z,E)  =  91:9  (Z,E) 

FIGURE  18.3  lodotitanation  reagent  2. 


334  METAL  lODIDES-MEDIATED  REACTION 


FIGURE  18.4  lodotitanation  reagent  3. 


OH  O 


(16) 


Ph 


Ph 


+  Til4 
(1.0  eq.) 


DEAD  (1.0  eq.) 

ClCHjCHjCl,  r.t.,  8  h 
98% 


(17) 


DEAD  =  diethyl  azodicarboxylate 


FIGURE  18.5  lodotitanation  reagent  4. 
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18.1.4  Reduction 

a-Diketones  are  readily  reduced  with  titanium(IV)  iodide  to  give  a-hydroxy  ketones. 
The  use  of  acetonitrile  as  solvent  is  crucial  for  the  specific  reduction  (Eqs.  18-20) 
[17a]  (Fig.  18.6). 

Imino  ketones  can  also  be  used  for  this  type  of  reduction.  In  this  case,  chemose- 
lective  reduction  is  possible  at  the  imino  moiety  (Eq.  21)  [17b].  When  aldehyde  or 
imine  is  present  in  this  type  of  reduction,  reductive  aldol  or  Mannich-type  reaction 
also  takes  place  to  give  a-amino-p-hydroxyketones  [18]  or  a,p-diaminocarbonyl 
compounds  (Eqs.  22-23)  [19].  For  the  synthesis  of  a-hydoxy-p-aminoesters,  reduc¬ 
tive  Mannich-type  reaction  may  be  carried  out  using  a-allyloxy-a-trimethylsiloxy 
acetate  as  substrate  with  imines  (Eq.  24)  [20]  (Fig.  18.7). 

First  discovered  by  Reformatsky  in  1887,  the  reaction  of  a-halocarbonyl  compounds 
and  aldehydes  in  the  presence  of  zinc  is  the  first  example  of  a  large  member  of  now  com¬ 
monly  used  carbon-carbon  bond  forming  reactions.  Recently,  the  combined  use  of  TiCl^ 
and  R^NI  was  reported  to  be  a  good  tool  for  aldol  reaction  of  a-haloketones.  All^  and 
Cel,,  also  effect  the  Reformatsky-type  reaction.  Generation  of  enolate  or  aza-enolate  can 
be  conducted  using  simple  a-halo  ketones  and  oximes  with  titanium(IV)  iodide  as 
reducing  agent  (Eq.  25).  Using  a-iodo  ketones  aldol  reaction  proceeds  with  syn-selectiv- 
ity  [21a].  a-Tosyloxy  ketones  are  also  good  substrates  for  this  reductive  aldol  reaction 
[21b].  The  enolates  and  aza-enolates  thus  generated  undergo  aldol  and  Mannich-type 
reactions  with  aldehydes,  enals,  and  imines  (Eqs.  26-28)  [22]  (Fig.  18.8). 

Reductive  ring  opening  of  Wtosylaziridines  is  readily  carried  out  with  titanium(IV) 
iodide  to  form  the  titanium  enolates,  which  in  turn  are  subjected  to  addition  reaction 
with  aldehydes  and  imines  to  give  aldol  or  Mannich-type  products  in  good  yields 
(Eq.  29)  [23a].  Although  the  reaction  does  not  proceed  well  with  ketone  derivatives, 
use  of  oxime  ether  effects  the  desired  addition  in  a  diastereoselective  manner  (Eq. 
30)  [23b].  Azetidine-3-ones  can  be  used  for  a  similar  reductive  aldol  reaction  to  give 
amino  hydroxyl  ketones  in  good  yields;  in  certain  cases  a  combined  use  of  Til^  and 
InClj  or  TiCl^  gives  better  results  (Eqs.  31  and  32)  [23c,  23d]  (Fig.  18.9). 

O  O 

TiU  (2.0  eq.) 

MeCN  or  PhMe 

O  0°C  to  r.t.  69-94%  OH 


FIGURE  18.6  Reducing  reagent. 
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FIGURE  18.7  Reducing  reagent  and  subsequent  C-C  bond  formations  1. 
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FIGURE  18.8  Reducing  reagent  and  subsequent  C-C  bond  formations  2. 
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FIGURE  18.9  Reducing  reagent  and  subsequent  C-C  bond  formations  3. 
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FIGURE  18.11  Reaction  with  methoxyallene  oxide  (reaction  pathways). 
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Related  to  this  ring  opening,  titanium(IV)  iodide  is  also  a  good  reagent  for  the 
ring-opening  iodination  of  epoxide  to  give  iodohydrins  (Eq.  33)  [24]  (Fig.  18.10). 

More  intrinsic  reactions  are  observed  starting  from  alkoxyallenes.  When 
methoxyallene  is  treated  with  m-chloroperbenzoic  acid  (m-CPBA),  the  reaction 
gives  methoxyallene  oxide,  which  in  turn  is  treated  with  titanium(IV)  iodide/ 
titanium(IV)  isopropoxide  and  an  acetal  successively  in  the  presence  of  salicylic 
acid  to  afford  a  iyn-aldol  adduct  derived  from  the  enolate  of  methoxyacetone  (Eq. 
34)  [25].  The  reaction  mechanism  of  this  reaction  can  be  explained  in  terms  of  ring¬ 
opening  iodination  of  epoxide  followed  by  enolate  formation  via  reduction  of 
a-iodomethoxyacetone  with  iodide  anion.  When  aldehydes  are  used  as  acceptors, 
use  of  a  Elmixture  of  Til^-Ti(O'Pr)^  gives  anh-aldol  products  (Eq.  35).  Starting 
with  methoxytrimethylsilylallene,  the  same  reaction  gives  dehydrated  a,p- 
unsaturated  ketones  (Eq.  36)  [26].  Ethoxyallene  may  be  used  for  the  Michael 
addition  reaction  of  the  alkoxyacetone  enolate  generated  in  a  similar  fashion  (Eq. 
37)  [27]  (Figs.  18.11,  18.12,  and  18.13). 
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FIGURE  18.12  Reaction  with  methoxyallene  oxide. 
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FIGURE  18.13  Reaction  with  alkoxyallene  oxides. 
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Sulfoxides  are  reduced  readily  with  titanium(IV)  iodide  to  give  sulfides  in  good 
yields.  This  reaction  tolerates  the  presence  of  ketones,  ethers,  esters,  amides,  and 
olefins  (Eq.  38)  [28]  (Fig.  18.14). 

Aldehydes  undergo  simple  pinacol  coupling  reaction  with  titanium(IV)  iodide  to 
give  1,2-diols  with  high  dl  selectivity  (Eq.  39)  [29].  p-Bromoenals  are  excellent  sub¬ 
strates  for  this  type  of  coupling  reaction,  although  analogous  bromine-free  enals  do 
not  always  undergo  efficient  homo-coupling  reaction  (Eq.  40).  The  coupling  prod¬ 
ucts  can  be  transformed  into  saturated  derivatives  by  simple  hydrogenation  (Eqs.  41 
and  42)  [30a]  (Figs.  18.15,  18.16,  and  18.17). 
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FIGURE  18.14  Reduction  of  sulfoxides. 
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FIGURE  18.16  Pinacol  coupling  of  halogenated  unsaturated  aldehydes. 
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(Z)-3-Iodo-3-trimethyl-silylpropenal  is  an  excellent  substrate  for  the  DL-selective 
pinacol  coupling  under  the  influence  of  Til^.  The  trimethyliodo-vinyl  moiety  of  the 
coupling  product  is  in  turn  efficiently  utilized  for  the  C-C  bond  forming  reactions  via 
the  Suzuki  coupling  reaction  (Eq.  43)  [30h]  (Fig.  18.18). 
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FIGURE  18.17  Subsequent  reduction. 
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FIGURE  18.18  Application  of  the  pinacol  coupling  products. 
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This  type  of  coupling  reaction  may  be  extended  to  a  crossed  version,  when  satu¬ 
rated  aldehyde  is  used  in  propionitrile,  and  the  reaction  gives  an  intriguing  a-hydroxy 
imine  (Eq.  44)  [31]  (Fig.  18.19). 

Related  reactions  using  titanium(IV)  chloride/tetraalkylammonium  iodide  have 
been  extensively  investigated  and  many  intriguing  C-C  bond  forming  reactions  have 
already  been  reported  [32].  Titanium(IV)  iodide  is  reduced  with  LAH,  Cu,  or  Zn  to 
give  low-valent  species  that  can  be  used  for  the  reduction  of  fluorotrichloromethane 
(Eq.  45)  [33],  pinacol  coupling  reaction  (Eq.  46)  [34],  and  Reformatsky-type 
reactions  (Eq.  47)  [35]  (Fig.  18.20). 
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FIGURE  18.19  Reductive  C-C  bond  formation  of  nitriles. 
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FIGURE  18.20  Other  examples  of  titanium  iodides. 
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18.1.5  Conclusion 

The  ability  of  iodide  anion  to  reduce  various  substrates  has  been  utilized  in  many 
organic  transformations.  The  combination  of  a  “soft”  iodide  anion  with  relatively 
“hard”  metal  titanium  has  not  attracted  much  attention  in  synthetic  organic  chemistry 
so  far.  As  described  earlier,  the  use  of  titanium  tetraiodide  may  broaden  its 
characteristic  features  to  induce  C-C  bond  forming  reactions  as  a  Lewis  acid,  to 
iodinate  unsaturated  bonds,  and  to  reduce  substrates  in  a  chemoselective  manner, 
leading  to  specific  transformations  of  organic  molecules. 


18.2  METAL  IODIDE-MEDIATED  REACTION  (Sml^) 

18.2.1  Introduction 

Samarium(II)  iodide  (Sml^)  is  a  green  solid  with  a  melting  point  of  520°C,  where  the 
samarium  atom  has  a  coordination  number  of  seven  in  a  capped  octahedral  configu¬ 
ration  [36].  It  can  be  formed  by  heating  samarium  powder  with  iodine  under  argon  at 
860°C  or  by  high-temperature  decomposition  of  Sml^,  the  more  stable  solid  [37]. 
Smij  is  commercially  available  as  a  powder  or  a  tetrahydrofuran  (THF)  solution,  and 
it  can  also  be  conveniently  prepared  from  samarium  powder  and  1,2-diiodoethane, 
diiodome thane,  or  iodine  in  oxygen-free  aprotic  organic  solvents  like  THF,  tetrahy- 
dropyran,  or  acetonitrile  (Fig.  18.21)  [38]. 

The  redox  potential  of  the  Sml^-Sml^"^  couple  in  THF  has  been  reported  to  be 
-1.41  V  (versus  Ag/AgNO^),  and  it  can  be  increased  by  the  addition  of 
coordinating  solvents  such  as  hexamethylphosphoric  triamide  (HMPA)  and 
water,  or  lithium  salts  like  LiBr  [39].  For  example,  in  the  presence  of  four  equiv¬ 
alents  of  HMPA,  the  reduction  potential  of  Sml^  in  THF  is  increased  to  -1.79  V 
[38c,  39b]. 

Smij  has  played  an  ever-increasing  role  as  one  of  the  most  attractive  one-elec¬ 
tron  reducing  agents  in  organic  synthesis  [38].  The  emerging  utility  of  Sml^ 
resides  not  only  in  its  ability  to  reduce  a  variety  of  functional  groups,  but  also  in 
its  capacity  to  promote  a  number  of  important  carbon-carbon  bond  forming 
reactions  that  proceed  through  either  single-electron  or  successive  two-electron 
processes.  In  addition,  the  stereochemical  course  of  these  reactions  can  often  be 
highly  controlled  on  the  coordination  sphere  of  the  samarium  ion.  In  this  section, 
a  brief  overview  of  Sml^-promoted  organic  reactions  will  be  provided  by  classi¬ 
fying  them  into  two  main  categories:  (1)  simple  reduction  of  functional  groups 
and  unsaturated  bonds,  and  (2)  carbon-carbon  bond  formation  via  reductive  cou¬ 
pling  process. 


Sm 


ICH2CH2I,  CH2I2,  or  I2 


THF,  0°C~r.t. 


Sml2 


FIGURE  18.21  Preparation  of  Sml^  as  a  THF  solution. 
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18.2.2  Reduction  of  Functional  Groups  and  Unsaturated  Bonds 

Organic  halides  (R-X;  X  =  I,  Br,  Cl)  and  sulfonates  (R-OSO^R')  can  be  reduced  to 
the  corresponding  hydrocarbons  (R-H)  with  the  aid  of  Sml^.  It  has  been  revealed  that 
the  reduction  of  aliphatic  halides  proceeds  through  a  successive  two-electron 
transfer-protonation  path,  whereas  aromatic  halides  undergo  one-electron  reduction 
followed  by  hydrogen  atom  abstraction  (Fig.  18.22)  [39a]. 

The  Smij-promoted  reduction  of  a,p-epoxy  ketones  is  a  convenient  way  to  get 
P-hydroxy  ketones,  which  are  sometimes  difficult  to  obtain  by  a  traditional  aldol 
reaction  (Fig.  18.23)  [40]. 

Regioselective  reduction  of  conjugated  esters  in  the  presence  of  isolated  C-C 
double  bonds  and  reduction  of  certain  type  of  aromatic  rings  are  also  possible 
(Fig.  18.24)  [41,42]. 
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FIGURE  18.23  Reduction  of  a  a,p-epoxy  ketone. 
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FIGURE  18.24  Reduction  of  carbon-carbon  double  bonds. 
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18.2.3  Reductive  Carbon-Carbon  Bond  Forming  Reaction 

Smij  nicely  promotes  the  pinacol  coupling  reaction  of  carbonyl  compounds  to  give  the 
corresponding  1,2-diols  in  good  yields.  This  protocol  has  been  successfully  applied  to 
the  synthesis  of  a  complex  natural  product,  grayanotoxin  III  (Fig.  18.25)  [43]. 

Conjugated  esters  and  amides  are  rapidly  hydrodimerized  at  room  temperature 
with  the  use  of  a  SmIj/THF/HMPA  system  in  the  presence  of  a  proton  source.  A  per¬ 
fect  stereoselection  has  been  realized  in  the  reaction  of  A,A-dibenzyl  crotonamide 
(Fig.  18.26)  [44]. 


FIGURE  18.25  Pinacol-type  coupling  reaction. 


2 


Smij,  HMPA,  f-BuOH 
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FIGURE  18.26  Hydrodimerization  of  crotonamide. 
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FIGURE  18.27  Carbonyl-olefin  coupling  reaction. 
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FIGURE  18.28  Barbier-type  reaction. 
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FIGURE  18.29  Reformatsky-type  reaction. 


FIGURE  18.30  Reaction  of  acyl  chloride. 
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Aldehydes  and  ketones  easily  accept  one  electron  from  Sml^  to  give  the 
corresponding  ketyls  (anion  radicals),  which  may  attack  electron-deficient  C-C  dou¬ 
ble  bonds,  and  the  resulting  new  radical  species  further  undergoes  one-electron 
reduction  followed  by  protonation  to  afford  the  corresponding  alcohols.  This  pro¬ 
tocol  has  been  effectively  utilized  for  the  stereoselective  synthesis  of  polycyclic 
polyether  natural  products  (Fig.  18.27)  [45]. 

Smij  is  highly  effective  for  Barbier-type  reactions  [46].  The  protocol  is  sometimes 
superior  to  the  conventional  one  using  magnesium  metal.  Thus,  very  elTicient  eight- 
and  nine-membered  ring  cyclization  has  been  achieved  by  using  Sml^  (Fig.  18.28)  [47]. 

The  Smij-promoted  Reformatsky-type  reaction  also  takes  place  very  easily. 
Application  of  this  protocol  to  intramolecular  reactions  has  enabled  the  construction 
of  so-called  medium  rings  in  significantly  high  yields  (Fig.  18.29)  [48]. 

The  Smij-promoted  successive  two-electron  reduction  of  acid  chlorides  produces 
the  corresponding  acyl  samarium  species  that  is  in  equilibrium  with  a  cabenoid 
species,  which  undergoes  either  dimerization  or  a  coupling  reaction  with  electro¬ 
philes  to  give  various  types  of  a-ketols  (Fig.  18.30)  [49]. 
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19.1  HISTORICAL  ASPECTS 

Soon  after  W.  C.  Roentgen’s  discovery  of  X-rays  in  1895,  it  became  obvious  that 
elements  with  high  atomic  numbers  Z  can  be  used  as  contrast  enhancing  agents  since 
the  X-ray  absorption  coefficient  is  proportional  to  according  to  /<  =  pZ'IAE?  with 
p  =  density,  A  =  atomic  mass,  and  E  =  X-ray  energy.  Early  examples  include  sodium 
iodide  (Z=53  for  iodine)  and  strontium  bromide  (Z=38  for  Sr  and  35  for  Br).  They 
combined  excellent  water  solubility  with  high  X-ray  absorption  coefficients. 
However,  toxicity  rapidly  ended  their  use.  Nevertheless,  iodine  remained  on  the 
screening  list  and  today  all  extracellular  (unspecific)  X-ray  contrast  agents  contain 
iodine  as  the  contrast-providing  element.  The  more  iodine  atoms  are  present  per  mol¬ 
ecule,  the  higher  is  the  efficacy.  Currently  used  nonionic  monomeric  or  dimeric 
extracellular  X-ray  contrast  agents  typically  contain  three  (monomers)  or  six  iodine 
atoms  (dimers),  which  is  equivalent  to  approximately  49%  of  iodine  per  molecule 
compared  to  85%  for  sodium  iodide. 

Iodine  has  retained  its  dominating  role  as  a  contrast-providing  element  for  a 
number  of  reasons,  above  all  for  its  high  absorption  coefficient,  its  “easy”  chemistry, 
and  its  relative  inertness.  The  caveat  to  the  latter  point  is,  however,  that  even  in 
covalent  organic  bonds  iodine  is  “toxic”  and  needs  to  be  shielded  from  any  interac¬ 
tions  with  the  organism  by  covering  it  up  with  as  many  hydrophilic  groups  as  pos¬ 
sible  so  that  it  practically  becomes  “invisible”  to  the  body.  The  only  objective  of 
extracellular  contrast  agents  used  for  CT,  angiography,  or  urography  is  to  absorb 
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X-rays  and  nothing  else,  that  is,  no  interaction  whatsoever  with  the  organism  should 
occur.  The  tricky  task  of  the  synthetic  chemist  therefore  is  to  come  up  with  structures 
that  make  the  contrast  agent  highly  hydrophilic  without  losing  the  high  iodine 
content.  Other  factors  that  determine  the  tolerability  of  extracellular  X-ray  contrast 
agents  are  the  viscosity  and  osmolality  of  the  pharmaceutical  preparations,  which 
are — as  is  the  case  for  hydrophilicity — determined  by  the  chemical  structures  of  the 
agents.  The  historical  development  of  contrast  agents  and  their  classification  are 
illustrated  in  Figures  19.1,  19.2,  and  19.3. 

The  situation  is  different  for  targeted  X-ray  contrast  agents,  for  example,  for 
imaging  specific  tissues  or  organs  such  as  the  bile  duct  or  the  liver.  Here,  the  mole¬ 
cules  do  need  partial  structures  that  interact  with  the  organism  and  direct  them  to 
their  targets.  Alternatively,  earners  may  be  used,  such  as  liposomes  or  polymers, 
which  either  transport  the  agent  to  the  liver,  spleen,  or  lymph  nodes  or  simply  prolong 
their  circulation  in  the  blood  for  extended  imaging  periods. 


19.2  EXTRACELLULAR  (UNSPECIFIC)  CONTRAST  AGENTS 
19.2.1  Chemical  Synthesis 

The  structures  of  all  currently  used  extracellular  or  unspecific  X-ray  contrast  agents 
are  based  on  the  triiodobenzene  ring  with  iodine  atoms  in  positions  1,3,  and  5,  which 
constitutes  the  most  stable  and  versatile  basic  structure.  Nontargeted  (extracellular) 
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FIGURE  19.1  Historical  development  of  iodinated  X-ray  contrast  agents. 
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FIGURE  19.2  Classification  of  iodinated  X-ray  contrast  agents. 
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FIGURE  19.3  The  four  different  types  of  iodinated  extracellular  contrast  agents.  The  gray 
hubbies  represent  hydrophilic  substituents.  Top  left:  ionic  monomer,  top  right:  nonionic 
monomer,  bottom  left:  ionic  dimer,  bottom  right:  nonionic  dimer. 


and  targeted  (biliary)  agents  differ  by  the  number  of  additional  substituents.  In  the 
first  case,  all  remaining  positions  (2,  4,  and  6)  are  filled  with  hydrophilic  groups.  In 
bile  duct-specific  agents,  based  on  the  triiodobenzene  ring,  only  two  of  the  remain¬ 
ing  positions  are  substituted. 


TABLE  19.1  Basic  molecular  templates  for  the  synthesis  of  iodinated  monomeric  X-ray  contrast  agents 


lopromide  Diatrizoic  acid  losimid  (not  approved) 
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As  illustrated  in  Table  19.1,  four  types  of  substitution  patterns  of  triiodobenzenes 
are  possible  for  extracellular  contrast  agents,  originating  from  diaminobenzoic  acid, 
aminophthalic  acid,  trimesic  acid,  or  from  triaminobenzene.  Due  to  poor  stability 
(triamino  type)  or  high  cost  of  goods  (tricarboxyl  type),  the  last  two  basic  structures 
have  not  been  achieved  or  are  not  used. 

Table  19.2  provides  an  overview  of  extracellular  contrast  agents  that  have  been 
approved  by  the  Food  and  Drug  Administration  (FDA).  The  ionic  agents  are  based  on 
either  diaminobenzoic  acid  or  aminoisophthalic  acid.  All  nonionic  compounds  are 
exclusively  based  on  the  aminoisophthalic  acid  building  block  and  differ  by  their 
hydrophilic  side  chains.  Water  solubility  of  these  compounds  is  in  the  range  of  1  g  mF 
'.  Flowever,  in  order  to  achieve  iodine  concentrations  up  to  400  mg  ml ',  some  com¬ 
mercially  used  preparations  are  oversaturated  solutions.  Therefore  particular  caution 
has  to  be  applied  in  their  production  process  to  avoid  precipitation  via  tiny  amounts 
of  seeding  crystals. 

The  synthesis  of  iodinated  extracellular  X-ray  contrast  agents  starts  with  the  intro¬ 
duction  of  iodine  into  the  basic  molecule,  which  is  performed  via  substitution,  followed 
by  derivatization  of  the  carboxyl  and  amino  groups.  Basically,  iodination  uses  the  F 
intermediate,  which  is  generated  from  aqueous  Cl-I.  Replacement  of  hydrogen  by 
iodine  on  an  aromatic  ring  system  needs  activation  via  neighboring  electronegative 
groups  such  as  amino  groups.  If  the  activation  is  insufficient,  only  two  of  the  possible 
three  positions  will  be  iodinated,  which  is  the  case  for  bile  duct-specific  contrast  agents. 
Triiodinated  compounds  are  less  water  soluble  than  their  precursors  and  precipitate, 
facilitating  purification.  Acylation  of  the  amino  group(s)  provides  the  final  product. 
Acylated  amino  groups  have  an  increased  electronegativity  and  thereby  strengthen  the 
stability  of  the  carbon-iodine  bonds.  The  synthesis  of  the  ionic  monomer  diatrizoic  acid 
is  illustrated  in  Figure  19.4.  The  acid  is  transformed  into  either  the  sodium  or  the  meglu¬ 
mine  salt  or  mixtures  thereof.  It  is  used  for  intravenous  injection  (imaging  of  the  vascular 
system)  or  for  oral  administration  (imaging  of  the  gastrointestinal  tract).  Flowever,  due 
to  its  high  osmolality,  it  has  largely  been  replaced  by  nonionic  monomers  or  dimers. 

Nonionic  monomers  require  a  much  more  sophisticated  route  of  synthesis  due  to 
the  increased  solubility  of  intermediates.  Additional  purification  steps  such  as  extrac¬ 
tion,  chromatography,  and  recrystallization  have  a  significant  impact  on  the  cost  of 
goods.  The  synthesis  of  unsymmetrical  structures  such  as  for  iopromide,  with  differ¬ 
ent  substituents  at  the  two  carboxamides,  makes  the  synthesis  even  more  intricate. 
Figure  19.4  illustrates  the  route  to  the  symmetrical  iopamidol. 

Triiodinated  aromatic  contrast  agents  are  normally  very  stable  to  degradation. 
However,  minor  contaminants  in  the  formulation,  such  as  copper  ions  and  glucose, 
could  lead  to  deiodination  [1].  In  the  organism,  intravascular  contrast  agents  are  not 
metabolized  but  excreted  unchanged  via  glomerular  filtration  in  the  kidney. 

Improvements  of  the  triiodobenzene  moieties  aim  at  further  reducing  the  viscosity 
of  dimeric  compounds.  losimenol  (viscosity  of  7.7mPas  at  350 mg  iodine  per  ml) 
and  ioforminol  (GE-145,  10.2mPas)  are  currently  in  clinical  development  [2,  3]. 

A  number  of  approaches  include  structures  moving  beyond  triiodobenzenes. 
Wharton  et  al.  synthesized  fullerenes  linked  to  a  dimeric  hydrophilic 
triiodobenzene  moiety  [4].  The  fullerene  was  subsequently  derivatized  with  four 
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TABLE  19.2  Chemical  structures  and  characteristics  of  iodinated  contrast  agents, 
approved  hy  the  FDA  (osmolality  and  viscosity  data  taken  from  package  inserts  and 
ACR  manual  on  contrast  media,  version  8,  2012) 


Subtype 

Structure 


Iodine  Viscosity 

concentration  Osmolality  at  37°C 


Compound  (trade  name)  Year  of  FDA  approval  mg  ml-1  mmOsm  kg-1  cps 


Ionic,  monomeric,  extracellular 


COOH 


I 


85 

349 

1.5 

141 

556 

1.5 

370 

(IV) 

1551 

10.5 

370 

(GIT) 

1940 

8.4 

Diatrizoic  acid  (MD-76, 
MD-Gastroview,  Cystografin,  1955) 


lothalamic  acid  (Conray,  1962) 
Nonionic,  monomeric,  extracellular 


OH 


lohexol  (Omnipaque,  1985) 
OH  OH 


141 

600 

1.5 

202 

1000 

2 

282 

1400 

4 

140 

180 

240 

300 

350 


322 

408 

520 

672 

844 


1.5 

2.0 

3.4 
6.3 

10.4 


200 

413 

2.0 

250 

524 

3.0 

300 

616 

4.7 

370 

796 

9.4 

lopamidol  (Isovue,  1985) 
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TABLE  19.2  (Cont’d) 


Subtype 

Structure 

Compound  (trade  name)  Year  of  FDA  approval 


Iodine  Viscosity 

concentration  Osmolality  at  37°C 


mg  ml~l 


mmOsm 


kg-1  cps 


OH 


160 

240 

300 

320 

350 


355 

502 

651 

702 

792 


1.9 

3.0 

5.5 

5.8 

9.0 


loversol  (Optiray,  1988) 
OH 


300  610 

350  721 


5.1 

8.1 


loxilan  (Oxilan,  1995) 


150 

328 

1.5 

240 

483 

2.8 

300 

607 

4.9 

370 

774 

10.0 

lopromide  (Ultravist,  1995) 

Ionic,  dimeric,  extracellular 

OH  OH  320  600  7.5 


loxaglic  acid  (Hexabrix,  1985) 


{Continued) 
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COOH  COOH  COOH  COOH  COOH 


Diatrizoic  acid 


COOH  COOH  COCl  COCl 


FIGURE  19.4  Synthesis  of  the  ionic  monomer,  diatrizoic  acid  (top),  and  of  the  nonionic 
monomer,  iopamidol  (bottom). 


method  with  high  precision  and  accuracy  is  X-ray  fluorescence  spectrometry  using  a 
^‘*'Am  source  by  which  undiluted  samples  can  be  measured  [8]. 

If  unchanged  drugs  need  to  be  quantified,  which  is  the  case  whenever  degradation 
should  occur,  such  as  in  environmental  samples  from  sewers  and  groundwater, 
specific  methods  have  to  be  utilized  consisting  of  appropriate  separation  techniques 
and  identification  of  the  drugs  and/or  their  degradation  products.  Examples  include 
high-performance  liquid  chromatography/mass  spectrometry  (HPLC/MS)  [9],  high- 
performance  liquid  chromatography/ultraviolet  detection  (HPLC/UV)  [10],  and  the 
use  of  radiolabelled  contrast  agents  [11]. 

An  interesting  field  is  the  stereoisomerism  of  contrast  agents  carrying  polyhy- 
droxycarbon  side  chains  with  several  asymmetric  carbon  atoms  resulting  in  quite  a 
number  of  enantiomers  and  diastereoisomers.  Additional  asymmetric  centers  are 
formed  by  steric  hindrance  leading  to  rotamers.  For  iotrolan,  19  isomers  could  be 
separated  by  high-resolution  HPLC  [12].  Results  on  the  isomerism  of  iodixanol  were 
published  by  Priebe  et  al.  [13]. 

19.2.3  Physicochemical  Characteristics 

The  pharmacological  and  toxicological  characteristics  of  extracellular  X-ray  contrast 
agents  are  determined  by  the  hydrophilicity  of  fhe  compound  and  by  the  osmolality 
and  viscosity  of  the  formulation. 

A  measure  for  the  hydrophilicity  is  the  partition  coefficient,  which  is  determined 
in  either  n-butanol  or  n-octanol/water.  In  the  system  n-butanol/water,  nonionic 
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monomers  typically  show  partition  coefficients  of  0.03-0.15,  nonionic  dimers  of 
0.005  (iotrolan),  which  means  that  the  latter  are  much  more  hydrophilic  than  the 
former.  For  comparison,  the  partition  coefficients  of  biliary  contrast  agents  with  one 
free  position  on  the  aromatic  ring  are  greater  than  5.  Allergy-like  reactions  to  contrast 
agents  have  been  attributed  to  insufficient  hydrophilicity. 

The  osmolality  of  contrast  agent  formulations  depends  on  the  number  of  molecules 
or  ions  in  the  solution  and  on  the  temperature  [14].  Measurements  are  performed  by 
commercially  available  osmometers  at  predefined  temperatures.  At  iodine  concentra¬ 
tions  of  300  mg  ml ',  high-osmolar  contrast  agents  exhibit  osmolalities  around 
1500mOsmkg '.  Examples  are  ionic  monomeric  agents  such  as  diatrizoate.  Low- 
osmolar  compounds  (nonionic  monomers)  fall  into  the  range  of  600-700  mOsm  kg '. 
Nonionic  dimers  (iotrolan,  iodixanol)  are  isotonic  to  blood  with  an  osmolality  of 
300mOsmkg '.  There  is  a  strong  dependence  of  osmolality  on  the  concentration  of 
the  contrast  agent.  For  iopromide  solutions  with  150,  240,  300,  and  370mg  iodine 
per  ml  the  respective  osmolalities  are  328,  483,  607,  and  774mOsmkg '.  In  addition 
to  electric  charge,  the  osmolality  of  a  contrast  agent  determines  the  pain  a  patient  is 
suffering  during  injection.  Osmolalities  of  1500mOsmkg  '  elicit  strong  pain, 
whereas  injection  of  nonionic  isotonic  agents  is  painless.  High  osmolality  is  also 
accountable  for  side  effects  such  as  cardiovascular  reactions  (increase  of  heart  rate 
and  blood  pressure)  and  diuresis.  Osmolalities  of  different  agents  are  summarized  in 
Table  19.2. 

lodinated  contrast  agents,  and  in  particular  nonionic  dimers,  form  aggregates  in 
solution  via  hydrogen  bridges  resulting  in  a  lower  osmolality  of  the  formulation  com¬ 
pared  to  theoretical  values  [15].  Hypersensitivity  reactions  observed  after  contrast 
injection  have  been  attributed  to  these  aggregates  [16]. 

Viscosity  is  another  important  factor  that  determines  the  characteristics  of  con¬ 
trast  agents.  Since  CT  requires  very  rapid  injections  (>20mlsec '),  viscosity  might 
become  the  rate-limiting  factor.  Viscosity  depends  on  the  concentration  and  the  tem¬ 
perature  of  the  formulation  and — at  iodine  concentrations  of  300  mg  ml ' — is  in  the 
range  of  5-lOmPas  for  nonionic  monomers  and  greater  than  15mPas  for  nonionic 
dimers.  For  iopromide  solutions  with  150,  240,  300,  and  370mg  iodine  per  ml  the 
respective  viscosities  are  1.5,  2.8,  4.9,  and  10.0 mPas.  Further  details  are  provided  in 
Table  19.2. 

19.2.4  Pharmacokinetics 

The  pharmacokinetics  of  all  extracellular  (unspecific)  contrast  agents  is  practically 
identical.  After  intravenous  bolus  injection,  the  blood  levels  of  iodine  (representative 
of  the  contrast  agent)  decline  in  two  phases.  The  first  phase  (distribution  phase)  has 
a  half-life  of  3-lOmin  and  the  second  phase  (elimination  phase)  of  l-2h.  Due  to 
their  high  hydrophilicity,  protein  binding  is  low  (<5%)  and  passage  of  membranes  is 
minimal.  Accordingly,  contrast  agents  do  not  cross  the  blood-brain  barrier  and  are 
transferred  through  the  blood-placenta  barrier  only  to  a  very  limited  amount. 
Likewise,  they  are  not  excreted  into  breast  milk  and  are  not  absorbed  after  oral 


EXTRACELLULAR  (UNSPECIEIC)  CONTRAST  AGENTS 


365 


administration.  Their  volume  of  distribution  is  practically  identical  to  the  extracel¬ 
lular  space  volume  (0.21kg '). 

The  elimination  of  contrast  agents  is  rapid  and  proceeds  mainly  via  glomerular 
filtration  in  the  kidneys.  Accordingly,  the  half-life  is  prolonged  up  to  lOh  in  cases  of 
renal  impairment. 

19.2.5  Diagnostic  Imaging 

Diagnostic  imaging  using  X-rays  and  iodine  as  contrast  enhancer  is  a  modality  with 
very  low  sensitivity.  For  plain  X-ray  imaging  (radiography  =  taking  one  image, 
fluoroscopy  =  continuous  imaging),  an  iodine  concentration  of  ISmgml  '  is 
required  to  provide  sufficient  contrast,  which  explains  the  huge  doses  of  contrast 
agents  that  are  normally  used.  Methods  with  increased  sensitivity  are  digital  sub¬ 
traction  angiography  (DSA,  lOmgml  *  needed),  and,  in  particular,  CT  (Imgml '). 
For  comparison,  magnetic  resonance  imaging  (MRl)  requires  concentrations  of 
the  contrast-giving  elements  (Gd,  Mn,  Fe)  of  1-lOpgml ',  nuclear  medicine 
of  1  ngml '-lOOpgml  '  (^*mTc,  ‘"In),  and  positron  emission  tomography  (PET)  of 
less  than  Ipgml"  ('*F). 

In  the  most  efficient  CT  modality,  the  X-ray  source  rotates  around  the  patient  with 
the  detector  opposite  to  the  source.  The  image  sections  of  the  body  or  of  the  organ  of 
interest  are  fed  into  a  computer  and  reconstructed  either  two-dimensionally  (conven¬ 
tional  CT)  or  three-dimensionally  (helical  CT).  Examples  are  provided  in  Eigure  19.5. 
Time  as  the  fourth  dimension  of  images  provides  additional  valuable  information. 
Eor  the  reconstruction  of  the  images,  each  pixel  is  assigned  a  density  value  in 
Hounsfield  Units  (HU),  which  is  determined  by  the  absorption  of  X-rays  by  the 
target  tissue.  Water,  by  definition,  has  a  value  of  0  HU  and  air  of  -1000  HU.  All  tis¬ 
sues  range  from  -500  to  -900  HU  (lungs)  to  the  densest  tissue,  bones,  with  40-1000 


FIGURE  19.5  CT  images.  Left:  Coronary  CTA,  slice  thickness  0.6  mm,  two-dimensional 
rendering.  Middle:  Coronary  CTA,  slice  thickness  0.6mm,  three-dimensional  rendering. 
Right:  Carotid  artery,  slice  thickness  0.75  mm,  three-dimensional  rendering.  Courtesy  of 
Siemens  AG  (collection  of  MIP,  VRT  images)  and  Friedrich- Alexander  University  Erlangen- 
Nuremberg,  Institute  of  Medical  Physics,  Erlangen,  Germany.  (See  insert  for  color  represen¬ 
tation  of  the  figure.  ) 
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HU.  Other  examples  include  fat  with  -80  to  -120  HU  and  muscles  with  40-50  HU. 
In  order  to  differentiate  two  targets  in  a  specific  area  of  interest,  a  difference  in 
density  of  30  HU  is  needed.  In  other  words,  if  iodinated  contrast  agents  are  of  benefit, 
they  need  to  increase  the  density  by  30  HU,  which  is  equivalent  to  an  iodine 
concentration  at  the  target  of  1  mgml 

As  an  example,  liver  imaging  using  CT  with  the  objective  of  detecting  liver  lesions 
such  as  tumors  will  be  described  in  more  detail.  Normal  liver  tissue  has  a  density  of 
50-70  HU.  Liver  metastases  have  densities  of  40-50  HU  and  are  therefore  difficult 
to  detect.  Other  lesions  may  even  have  the  same  density  as  normal  liver  tissue. 
Intravenous  injection  of  100-150ml  of  a  contrast  agent  increases  the  difference  in 
density  between  normal  and  tumor  tissue  to  more  than  30  HU  due  to  differences  in 
vascular  density,  for  example,  making  the  lesions  clearly  visible,  either  by  increasing 
their  density  over  that  of  normal  tissue  or  by  increasing  the  density  of  normal  tissue 
and  leaving  that  of  the  metastases  unaffected.  However,  due  to  the  pharmacokinetics 
of  the  contrast  agent,  this  effect  lasts  for  only  20-30  sec  during  the  arterial  phase  of 
distribution  and  for  the  same  time  interval  during  the  portal  venous  phase.  Modern 
CT  machines  are  normally  fast  enough  to  cope  with  this  problem.  However,  if  this 
time  window  is  missed  or  more  time  is  required,  for  example,  for  a  biopsy,  another 
injection  of  contrast  agent  is  needed,  which  is  not  recommended  due  to  the  cumulative 
side  effects  of  the  agents,  in  particular  on  the  kidneys. 

Other  X-ray  imaging  techniques  are  named  after  the  target  organ/tissue  they  are 
examining,  such  as  arteriography  for  the  inspection  of  arteries,  myelography  for  the 
spinal  cord,  urography  for  renal  and  urinary  system  imaging,  colonoscopy  for  the 
gut,  lymphography  for  the  lymphatic  system,  and  cholegraphy  for  the  biliary  duct. 

19.2.6  Safety  and  Tolerability 

Iodinated  contrast  agents  are  among  the  most  tolerable  compounds  used  in  medicine, 
in  particular  taking  into  consideration  that  they  are  administered  in  extremely  high 
doses.  For  example,  in  CT  a  typical  dose  is  1 00-150  ml  of  an  agent  with  a  concentration 
of  300  mg  iodine  per  ml  (equivalent  to  approximately  600  mg  contrast  agent  per  ml) 
resulting  in  a  total  dose  of  30-45  g  of  iodine  or  60-90  g  of  contrast  agent.  In  specific 
applications,  up  to  200  g  may  be  reached. 

Side  effects  can  be  classified  according  to  their  severity  (mild,  moderate,  severe), 
their  onset  (immediate,  delayed/late),  their  mechanism  (related  to  charge,  osmolality, 
allergy-like),  their  route  of  administration  (risk ;  intrathecal  >  intraarterial  >  intrave¬ 
nous),  or  their  target  (risk :  head  >  heart  >  periphery). 

Minor  side  effects  include  nausea  and  vomiting,  urticaria,  pruritus,  and  local  pain 
(normally  after  i.v.  injection).  Moderate  effects  are  severe  vomiting,  extensive  urti¬ 
caria,  bronchospasm,  and  edema.  Severe  reactions  include  syncope,  convulsion, 
hypotension,  shock,  and  pulmonary  edema.  The  incidence  of  side  effects  is  5-12% 
for  high-osmolar  agents,  which  are  rarely  used  any  more,  and  below  1%  for  low- 
osmolar  agents  [17].  Severe,  life-threatening  contrast  reactions  are  very  rare  and 
occur  unpredictably  and  immediately  or  within  the  first  20  min  after  contrast  media 
injection  in  0.01-0.02%  of  patients.  The  mortality  after  intravascular  injection  is  very 
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low  (1 : 170,000)  [18].  Other  reports  indicate  two  fatalities  per  million  [19].  Risk 
factors  include  allergy,  asthma,  dehydration,  and  renal  insufficiency.  Appropriate 
premedication  may  reduce  the  incidence  of  side  effects. 

Effects  of  contrast  agents  on  hemodynamics  include  reduction  of  hlood  pressure 
and  contractility  and  increase  of  left  ventricular  end-diastolic  pressure.  In  particular 
ionic  compounds  affect  blood  coagulation  and  platelet  activity. 

Renal  side  effects  cover  a  wide  range  from  small  changes  in  creatinine  clearance 
up  to  renal  failure  and  the  need  for  subsequent  hemodialysis  [20].  The  incidence  of 
clinically  significant  renal  effects  in  patients  with  normal  kidney  function  is  extremely 
low.  Risk  factors  include  preexisting  renal  impairment  (serum  creatinine  >2.0  mg  dl  *), 
diabetes,  and  dehydration  [21].  Sufficient  hydration  of  the  patient  prior  to  contrast 
injection  is  an  important  measure  to  reduce  the  risk  of  renal  side  effects. 

Allergy-like  adverse  events  can  occur  either  early  (up  to  20  min)  or  delayed 
(30  min  up  to  1  week).  They  are  believed  to  be  independent  of  dose  and  concentration 
[22].  Delayed  reactions  are  most  commonly  of  cutaneous  nature.  Their  incidence  has 
been  published  as  0.5-14%  [23]. 

19.2.7  Environmental  Aspects 

Due  to  their  high  chemical  and  metabolic  stability,  extracellular  contrast  agents  are 
excreted  unchanged  and  finally  end  up  in  the  sewage  system  contributing  to  the  bio¬ 
burden  of  absorbable  organic  halogen  (AOX).  Their  high  hydrophilicity  prevents 
them  from  being  filtered  from  the  sewage.  Microbiological  transformation  is  nor¬ 
mally  slow  and  only  attacks  the  hydrophilic  side  chains  and  does  not  affect  the  triio- 
dinated  core  [24].  In  effluents  of  sewage  treatment  plants,  concentrations  of  15 gl  ' 
were  found  for  iopamidol,  one  of  the  widely  used  contrast  agents.  As  a  consequence, 
measurable  concentrations  can  be  detected  in  lakes  and  rivers  (0.49  gl  ')  and  in  the 
groundwater  (2.4 gl  ')  [25].  However,  ecotoxicological  investigations  resulted  in  a 
ratio  of  predicted  environmental  concentration  to  the  predicted  no-effect  concentration 
of  0.0002  indicating  that  there  are  no  environmental  risks  [26]. 

In  the  river  Rhine,  concentrations  continuously  increase  from  the  Upper  Rhine  to 
the  estuary.  In  Basel,  the  average  concentrations  of  most  iodine-based  radiocontrast 
agents  are  below  0. 1  pg  1 '.  On  the  Lower  Rhine  and  in  the  Rhine  Delta,  concentrations 
are  mostly  around  0.2-0.5pgl '.  The  highest  concentrations  registered  in  the  Rhine 
were  about  1.3  pgl '.  Partly,  concentrations  are  even  higher  in  the  tributaries  reaching 
concentrations  up  to  10-30 pgl '. 

19.3  TARGETED  CONTRAST  AGENTS 

Due  to  their  pharmacokinetics,  extracellular  contrast  agents  are  best  suited  for 
imaging  of  all  targets  that  are  easily  accessible  via  the  extracellular  space,  that  is,  via 
perfusion  of  tissues  and  organs,  and  via  their  route  of  excretion,  that  is,  the  kidneys. 
Accordingly,  the  gall  bladder  and  in  particular  the  bile  duct  cannot  be  imaged,  and 
dedicated  contrast  agents  had  to  be  developed. 
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19.3.1  Biliary  Contrast  Agents 

Biliary  contrast  agents  are  used  for  imaging  the  bile  duct  and  gall  bladder  (cholangi¬ 
ography).  They  are  either  slowly  infused  intravenously  or  injected  into  the  liver  or  the 
bile  duct.  Some  compounds  can  be  given  orally.  The  prerequisites  for  contrast  agents 
suitable  for  biliary  imaging  are  reduced  hydrophilicity  (increased  lipophilicity)  com¬ 
pared  to  extracellular  agents  and,  very  importantly,  negative  charge.  Only  with  these 
attributes  are  the  compounds  able  to  pass  membranes  and  can  be  taken  up  by  the 
hepatocytes  and  transported  into  the  bile  duct. 

Reduction  of  hydrophilicity  can  be  achieved  starting  from  triiodobenzene  deriva¬ 
tives  by  omitting  one  of  the  hydrophilic  substituents  on  the  benzene  ring  and  by 
reducing  the  hydrophilicity  of  one  or  more  of  the  side  chains  by,  for  example,  replacing 
hydroxyl  groups  by  less  hydrophilic  moieties  such  as  ether  groups.  The  compounds 
can  be  monomeric  for  oral  use  (iopanoate)  or  dimeric  for  injection  (iodipamide,  see 
Table  19.2).  In  parallel  with  the  reduction  of  hydrophilicity,  water  solubility  of  these 
agents  is  lower  so  that  formulations  contain  less  iodine  (50  mg  ml ')  than  those  of 
extracellular  agents  (up  to  400mgml '). 

Further  consequences  of  the  reduced  hydrophilicity  are  increased,  saturable 
protein  binding  (70-95%),  uptake  by  hepatocytes  in  the  liver,  metabolization,  excre¬ 
tion  via  the  biliary  tract  (65-90%  of  the  dose),  and  less  tolerability  compared  to 
extracellular  compounds  such  as  a  high  incidence  of  allergic  reactions  or  renal  and 
hepatic  toxicity. 

Unfortunately,  the  concentration  in  the  liver  is  not  high  enough  to  allow  for  liver 
imaging  due  to  saturation  of  the  involved  transport  mechanisms. 


19.3.2  Liver-Specific  Agents 

The  search  for  liver- specific  contrast  agents  has  been  triggered  by  the  pharmacoki¬ 
netic  characteristics  of  extracellular  agents.  Following  bolus  injection  of  iopromide, 
maximal  iodine  concentration  and  therefore  maximal  enhancement  is  observed  in  the 
liver  after  approximately  60s,  which  declines  rapidly  with  a  half-life  of  50s  [27]. 
Accordingly,  the  time  window  for  optimal  imaging  is  very  short. 

For  liver  targeting,  two  different  approaches  have  been  followed,  hepatocyte- 
directed  agents  and  targeting  of  the  reticuloendothelial  system  (RES)  via  the  Kupffer 
cells. 

19.3.2.1  Hepatocyte-Specific  Contrast  Agents 

Approximately  70%  of  liver  cells  are  hepatocytes  and  therefore  constitute  the  primary 
target  in  the  search  for  liver  contrast  agents.  Accordingly,  the  efforts  in  the 
development  of  liver- specific  agents  concentrated  first  on  this  cell  type. 

The  most  obvious  approach  in  the  search  for  liver-specific  agents  was  the  modifi¬ 
cation  of  triiodinated  biliary  contrast  agents  to  achieve  higher  concentrations  in  the 
liver.  The  target  was  to  reach  iodine  concentrations  of  1  mg  iodine  per  gram  of  liver 
tissue  or  higher.  However,  up  to  now,  this  goal  could  only  be  verified  in  animal 
models  but  not  in  humans. 
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Further,  iodinated  fatty  acids  and  iodinated  triglycerides  have  been  investigated  in 
the  search  for  liver-specific  contrast  agents.  Intraiodol  is  an  iodinated  Intralipid,  a 
nutritional  product  prepared  from  soybean  and  egg  yolk  [28],  which  was  formulated 
in  an  emulsion  with  an  iodine  concentration  of  50mgml A  variety  of  modifications 
of  the  preparations  were  made  but  the  necessary  enhancement  of  liver  tissue  of  30 
HU  could  not  be  achieved.  Iodinated  triglycerides  of  various  structures  either  alone 
or  incorporated  into  lipid  emulsions  that  were  supposed  to  make  use  of  the  endoge¬ 
nous  pathway  of  hepatic  lipid  metabolism  have  been  synthesized  by  some  groups 
[29].  Another  approach  described  in  the  literature  was  the  coupling  of  triiodobenzene 
moieties  to  steroids  such  as  cholesterol,  which  were  supposed  to  act  as  carriers  [30]. 

However,  none  of  the  described  efforts  has  been  successful  so  far. 

19.3.2.2  RES-Specific  Liver  Contrast  Agents 

The  RES  includes  macrophages  in  the  blood  and  lymph  nodes  and  Kupffer  cells  in 
the  liver.  The  latter  represent  approximately  10%  of  liver  cells.  The  main  task  of  the 
RES  is  to  eliminate  foreign  particles  via  phagocytosis.  Accordingly,  contrast  agents 
that  are  intended  to  use  this  approach  need  to  be  particles.  However,  in  parallel  to 
phagocytosis,  mediators  are  released  resulting  in  adverse  events  such  as  reduction  in 
blood  pressure  and  fever,  which  is  one  of  the  major  limitations  of  this  approach. 

The  first  particulate  contrast  agent  was  thorium  dioxide,  which  was  extremely  effec¬ 
tive,  well-tolerated  on  a  short-term  basis  but  very  toxic  in  the  long  run  leading  mainly 
to  cancer  [31].  Colloidal  iodine  was  also  effective  but  not  sufficiently  tolerated  [32]. 

The  first  RES-specific  iodinated  lipids  were  emulsions  of  iodine-containing 
poppy  seed  oil  (AG  52-315,  AG  60-99,  EOE-13),  which  were  very  effective  but  not 
very  well-tolerated  resulting  in  headache,  fever,  and  chills  [33].  A  modified  version, 
Lipiodol  or  Ethiodol,  has  long  been  in  use  for  the  detection  or,  in  combination  with 
cytotoxic  agents,  the  treatment  of  hepatocellular  carcinoma  following  injection  into 
the  hepatic  artery.  However,  in  addition  to  side  effects,  Lipiodol  exhibits  a  very  long 
residence  time  in  the  liver  and  is  cleared  only  after  months,  which  is  not  acceptable 
for  a  diagnostic  agent. 

Another  approach  was  the  modification  of  intravascular  triiodobenzene  contrast 
agents  into  pro-drugs,  which  are  less  water  soluble  and  form  particles  that  can  be 
taken  up  by  macrophages  and  transported  into  the  liver  where  they  are  degraded  into 
the  original  intravascular  contrast  agents  and  subsequently  excreted  via  the  kidneys 
[34].  Modified  compounds  included  iothalamate  [35],  metrizoic  acid  [36],  and  others 
[37].  All  were  very  effective  but  limited  in  use  due  to  side  effects. 

Liposomes  are  particles  that  are  formed  by  lipids  with  polar  head  groups  and  one 
or  more  unpolar  chains  (Figure  19.6).  Examples  for  suitable  lipids  include  soy  phos¬ 
phatidylcholine  (PC),  distearoyl  phosphatidylcholine  (DSPC),  and  dipalmitoylphos- 
phatidyl  choline  (DPPC).  Added  cholesterol  functions  as  a  stabilizer.  Pour  different 
types  of  liposomes  have  been  described:  small  unilamellar  (SUV,  single  membrane), 
large  unilamellar  (LUV,  single  membrane),  multilamellar  (MLV,  more  than  one 
membrane),  and  multivesicular  (liposome  in  liposome)  particles. 

Liposomes  are  able  to  carry  contrast  agents  either  within  their  center  (hydrophilic 
compounds)  or  within  their  vesicle  wall  (lipophilic  compounds).  Their  preparation  is 
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FIGURE  19.6  Left:  Structure  of  a  liposome  and  of  the  underlying  lipid  bilayer.  Right:  Basic 
structure  of  a  polypropylenimine  (PAMAM)  dendrimer  with  a  1,4-diaminobutane  core.  The 
amino  groups  in  the  outer  shell  can  be  derivatized  with  triiodobenzoic  acid  moieties. 

relatively  simple  and  reproducible  and  has  been  described  extensively  in  the  litera¬ 
ture.  Nearly  all  available  iodinated  X-ray  contrast  agents  meanwhile  have  been 
encapsulated  into  liposomes.  Depending  on  the  size  of  the  liposomes,  the  particles 
either  are  taken  up  by  the  RES  (large  liposomes,  -400  nm)  and  lead  to  very  effective 
liver  and  spleen  imaging  or  circulate  in  the  blood  (“blood-pool  agents”)  for  a  long 
time  and  allow  for  long  and  extensive  imaging  of  the  vascular  system  (small  particles 
<100nm)  or — following  leakage  out  of  the  blood  vessels — for  the  detection  of  vas¬ 
cularized  tumors.  Alternatively,  the  surface  of  the  liposomes  can  be  modified,  for 
example,  by  pegylation  [38],  to  further  prolong  circulation  times  or  by  the  attach¬ 
ment  of,  for  example,  ICAM-1  monoclonal  antibodies,  which  are  supposed  to  direct 
the  liposomes  to  atherosclerotic  plaques  [39]. 

However,  due  to  the  side  effects  observed  in  clinical  trials  (fever,  allergy-like 
reactions),  iodine-containing  liposomes  have  not  yet  been  approved  by  regulatory 
authorities. 

19.3.3  Polymeric  Iodinated  Contrast  Agents 

Research  into  polymeric  contrast  agents  was  triggered  by  the  objective  of  reducing 
the  osmotic  pressure  on  the  one  hand  and  of  increasing  the  size  to  an  extent  that  the 
molecules  are  big  enough  to  stay  in  the  intravascular  space  and  are  suitable  as  blood- 
pool  agents  on  the  other  hand.  Another  possible  use  included  water-insoluble  poly¬ 
mers  as  carriers  for  contrast  agents  of  the  gastrointestinal  tract  or  for  radiopaque  bone 
cement. 

A  variety  of  natural  or  synthetic  polymers  were  used  to  which  triiodobenzenes 
were  linked,  such  as  polypeptides  (albumin,  polylysine,  polyaspartate,  etc.),  polyac¬ 
rylates,  polysaccharides  (dextran),  and  others. 
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A  polymeric  contrast  agent  using  iodinated  building  blocks  has  been  described  by 
Torchilin  [40].  In  water,  the  polymer  formed  micelles  of  80-nm  diameter  at  an  iodine 
concentration  of  20  mg  mk^  leading  to  prolonged  enhancement  of  the  liver  and  spleen 
in  animal  models. 

Pepiol  et  al.  described  the  synthesis  of  copolymers  of  methyl-methacrylate  and 
4-iodohenzoyl-oxo-ethylmethacrylate  for  use  as  radiopaque  bone  cement  [41]. 
However,  the  iodine  content  was  relatively  low.  For  improvement,  they  added  a  tetra- 
iodinated  closo-carborane  (8,9,10,12-I^-l,2-closo-C2BjjjHj)  as  a  contrast  enhancer. 

Other  examples  include  copolymerization  of  glycidyl  methacrylate  and  2-methac 
ryloyloxyethyl-triiodohenzoate  as  described  by  Aviv  [42]  or  of  triiodobenzoyl 
poly  lysine  and  methoxypoly  (ethylene  glycol). 

Dendrimers  are  another  class  of  polymers  that  have  been  used  as  building  blocks 
and  that  are  able  to  carry  substituents  such  as  triiodobenzenes  at  their  surface.  The 
divergent  synthesis  of  dendrimers  starts  from  a  core  such  as  ammonia  (leading  to 
three  primary  branches),  1,4-diaminobutane  (leading  to  four  primary  branches),  or 
any  other  amino-substituted  molecule,  which  are  grown  via  alkylation  leading  to — 
for  example — polypropylenimines  (PAMAM),  polyamidoamines  (POPAM),  or 
polylysines.  Triiodobenzenes  can  be  coupled  to  free  amino  groups  on  the  outer  shell 
of  the  dendrimer  leading  to  a  total  number  of  3x2^"  ‘  iodinated  substituents  if 
ammonia  is  used  as  core,  with  n=  1,  2,  3,  etc.,  being  the  number  of  generations,  and 
2x2^"  '  substituents  for  1,4-diaminobutane  [43].  An  example  of  an  unsubstituted 
PAMAM  dendrimer  is  provided  in  Figure  19.6. 

19.3.4  Other  Targets 

Trialkyl-triiodobenzenes,  for  example  l,3,5-tri-n-hexyl-2,4,6-triiodobenzene,  have 
been  synthesized  for  imaging  of  the  gastrointestinal  tract  [44].  Oil/water  emulsions 
are  orally  administered  and  lead  to  coating  of  the  gut  mucosa,  so  far  only  in  animal 
models.  Diiodo-aminobenzene  rings  with  phosphonate  groups,  linked  to  small 
peptides  via  the  amino  group,  have  been  described;  no  imaging  data  are  provided, 
however  [45]. 

Calcium-seeking  contrast  agents  for  bone  damage  detection  have  been  based  on 
dimeric  triiodobenzenes  with  eight  carboxyl  groups  as  chelators  for  calcium  [46]. 
Cationic  dimers  with  four  ammonium  groups  have  been  described  as  cartilage-seek¬ 
ing  agents  for  the  evaluation  of  osteoarthritis  [47]. 


19.4  SUMMARY  AND  CONCLUSIONS 

Iodinated  contrast  agents  have  been  and  will  remain  in  the  next  future  an  indispens¬ 
able  part  of  diagnostic  imaging  procedures,  in  particular  for  use  in  conjunction  with 
CT.  Despite  the  success  of  competing  technologies  such  as  MRI  or  ultrasound.  X-ray 
imaging  and  above  all  CT  constitute  a  backbone  of  medical  diagnosis.  The  number  of 
annual  CT  scans  in  the  United  States  alone  is  estimated  at  70  million.  Approximately 
half  of  these  procedures  include  the  use  of  contrast  agents.  Triiodobenzene  derivatives 
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are  among  the  best  tolerated  substances  used  in  medicine  so  that  the  very  high  doses 
administered  to  patients  do  not  pose  problems  if  appropriately  used.  As  a  consequence, 
improvements  are  not  easy  to  achieve. 

What  is  clearly  needed  is  targeted  contrast  agents  that  are  able  to  extend  the  scope 
of  the  currently  available  extracellular  compounds  to  organ-  or  disease-specific 
applications.  Good  progress  has  been  made  with  liposomes  and  with  polymers. 
However,  the  way  to  go  is  still  very  long  until  a  stage  similar  in  performance  to  the 
unspecific,  extracellular  agents  has  been  reached. 

Although  research  is  now  extending  its  focus  into  noniodine  areas,  such  as  using 
Gd,  Dy,  Au,  Bi,  PT,  or  Pd-containing  compounds  for  CT  imaging  [48-50],  none  of 
these  approaches  has  achieved  regulatory  approval  so  far  and  currently  it  is  not  fore¬ 
seeable  when  that  goal  will  be  achieved. 


REFERENCES 

[1]  Chellquist  E,  Wheeler  S,  Strasters  J,  Wolfe  H,  Storflor  HJ.  The  effect  of  glucose  and 
copper  on  the  stability  of  diatrizoic  acid.  Pharm  Sci  Technol  1999;53:247. 

[2]  Riefke  B,  Gonzalez  L,  Carretero  J,  Gonzalez  C,  Jimenez  I,  Alguacil  LF,  Boehle  F,  Martin 
F,  Martin  JL.  The  effect  of  glucose  and  copper  on  the  stability  of  diatrizoic  acid.  Acad 
Radiol  2002;9  (Suppl  1):S178. 

[3]  Wistrand  LG,  Rogstad  A,  Hagelin  G,  Roed  L,  Oulie  I,  Gram  A,  Evan  P,  Rasmussen  H, 
Grant  D,  Iveson  R  Newton  B,  Thaning  M.  GE-145,  a  new  low-osmolar  dimeric  radio- 
graphic  contrast  medium.  Acta  Radiol  2010;51  (9):  1014. 

[4]  Wharton  T,  Wilson  LJ.  Highly-iodinated  fullerene  as  a  contrast  agent  for  x-ray  imaging. 
Bioorg  Med  Chem  2002;10  (11):3545. 

[5]  Wilbur  DS.  lodinated  borane  cage  molecules  as  x-ray  contrast  media.  U.S.  Patent 
5,489,673  A.  1993  Aug  16.  To  University  of  Washington,  Seattle. 

[6]  Palmer  AM.  lodinated  polyhedral  boranes  for  cancer  detection  [Ph.D.  Thesis].  Columbus: 
Ohio  State  University;  2011. 

[7]  Srivastava  RR,  Hamlin  DK,  Wilbur  DS.  Synthesis  of  highly  lodinated  icosahedral  mono- 
and  dicarbon  carboranes.  J  Org  Chem  1996;61:9041. 

[8]  Krause  W,  Miklautz  H,  Kollenkirchen  U,  Heimann  G.  Physicochemical  parameters  of 
x-ray  contrast  media.  Invest  Radiol  1994;29:72. 

[9]  Jacobsen  PB,  Larsen  A,  Konarboland  R,  Skotland  T.  Biotransformation  of  nonionic  x-ray 
contrast  agents  in  vivo  and  in  vitro.  Drug  Metab  Dispos  1999;27:1205. 

[10]  Arbughi  T,  Bertani  F,  Celeste  R,  Grotti  A,  Tirone  P.  High-performance  liquid 
chromatographic  assay  of  the  X-ray  contrast  agent  iopiperidol  in  plasma  and  urine  of  rats 
and  humans.  J  Chromatogr  1999;B729:323. 

[11]  Rode  U,  Muller  R.  Transformation  of  the  ionic  X-ray  contrast  agent  diatrizoate  and  related 
triiodinated  benzoates  by  Trametes  versicolor.  Appl  Environ  Microbiol  1998;64:3114. 

[12]  Krause  W,  Schneider  PW.  Chemistry  of  X-ray  contrast  agents.  Top  Curr  Chem  2002; 
222:107. 

[13]  Priebe  H,  Dugstad  H,  Heglund  IF,  Sande  R,  Tonseth  CP  Synthesis,  analysis,  and  toxicitiy 
of  three  compounds  formed  during  the  analysis  of  iodixanol.  Acta  Chem  Scand 
1995;49:737. 


REFERENCES 


373 


[14]  Miklautz  H,  Fichte  F,  Wegscheider  K.  Osmolality  of  nonionic  contrast  media.  In:  Taenzer 
V,  Wende  S,  editors.  Recent  Developments  in  Nonionic  Contrast  Media.  Stuttgart:  Georg 
Thieme  Verlag;  1989.  p  16. 

[15]  Pietre  D,  Felder  E.  Development,  chemistry,  and  physical  properties  of  iopamidol  and  its 
analogues.  Invest  Radiol  1980;15  (Suppl):S301. 

[16]  Speck  U,  Boehle  F,  Krause  W,  Martin  JL,  Miklautz  H,  Schuhmann-Giampieri  G.  Delayed 
hypersensitivity  to  X-ray  CM:  possible  mechanisms  and  models.  J  Acad  Radiol  1997;5 
(1):S162. 

[17]  Manual  on  Contrast  Media.  Reston:  American  College  of  Radiology;  2012,  Version  8. 

[18]  Katayama  FI,  Yamaguchi  K,  Kozuka  T,  Takashima  T,  Seez  R  Matsuura  K.  Adverse 
reactions  to  ionic  and  nonionic  contrast  media.  A  report  from  the  Japanese  Committee  on 
the  Safety  of  Contrast  Media.  Radiology  1990;175  (3):621. 

[19]  Lasser  EC,  Lyon  SG,  Berry  CC.  Reports  on  contrast  media  reactions:  analysis  of  data 
from  reports  to  the  U.S.  Food  and  Drug  Administration.  Radiology  1997;203:605. 

[20]  Hesley  G,  Hartman  R.  Review  of  common  and  uncommon  contrast  media  reactions. 
Appl  Radiol  2008;37  (4):20. 

[21]  Rich  MW,  Crecelius  CA.  Incidence,  risk  factors,  and  clinical  course  of  acute  renal  insuf¬ 
ficiency  after  cardiac  catheterization  in  patients  70  years  of  age  or  older.  A  prospective 
study.  Arch  Intern  Med  1990;  150  (6):  1237. 

[22]  Bush  WH,  Swanson  DP.  Acute  reactions  to  intravascular  contrast  media:  types,  risk 
factors,  recognition,  and  specific  treatment.  Am  J  Roentgenol  1991;157:1153. 

[23]  Loh  S,  Bagheri  S,  Katzberg  RW,  Fung  MA,  Li  CS.  Delayed  adverse  reaction  to  contrast- 
enhanced  CT:  a  prospective  single-center  study  comparison  to  control  group  without 
enhancement.  Radiology  2010;255:764. 

[24]  Kormos  JL,  Schulz  M,  Temes  TA.  Occurrence  of  iodinated  x-ray  contrast  media  and  their 
biotransformation  products  in  the  urban  water  cycle.  Environ  Sci  Technol  2011;45 
(20):8723. 

[25]  Femes  TA,  Hirsch  R.  Occurrence  and  behavior  of  x-ray  contrast  media  in  sewage 
facilities  and  the  aquatic  environment.  Environ  Sci  Technol  2000;34  f  13):274L 

[26]  Steger-Hartmann  T,  Laenge  R,  Schweinfurth  H,  Tschampel  M,  Rehmann  1.  Investigations 
into  the  environmental  fate  and  effects  of  iopromide  fultravist),  a  widely  used  iodinated 
x-ray  contrast  medium.  Water  Res  2002;36  (1):266. 

[27]  Krause  W,  Groell  R,  Kern  R,  Baumgartner  C,  Rienmueller  R.  Application  of  pharmaco¬ 
kinetics  to  electron-beam  tomography  of  the  abdomen.  Acad  Radiol  1999;6  (8):487. 

[28]  Wretlind  A.  Development  of  fat  emulsions.  J  Parent  Ent  Nutr  1981;5:230. 

[29]  Weichert  JR  Lee  FT,  Chosy  SG,  Longino  MA,  Kuhlman  JE,  Heise  DM,  Leverson  GE. 
Combined  hepatocyte-selective  and  blood-pool  contrast  agents  for  the  CT  detection  of 
experimental  liver  tumors  in  rabbits.  Radiology  2000;216:7L 

[30]  Longino  MA,  Weichert  JP,  Schwendner  SW,  Szabo  SM,  Counsell  RE,  Glazer  GM. 
Biodistribution  of  a  new  lipid-soluble  CT  contrast  agent.  Evaluation  of  cholesteryl 
iopanoate  in  the  rabbit.  Invest  Radiol  1983;18:275. 

[31]  MacMahon  E,  Murphy  AS,  Bates  ML  Endothelial-cell  sarcoma  of  liver  following 
thorotrast  injections.  Am  J  Pathol  1947;23  (4):585. 

[32]  Olsson  O.  On  hepatosplenography  with  Jodsol.  Acta  Radiol  1941;22:749. 

[33]  Miller  DL,  Simmons  JT,  Chang  R.  Hepatic  metastasis  detection:  comparison  of  three  CT 
contrast  enhancement  methods.  Radiology  1987;165:785. 


374 


lODINATED  X-RAY  CONTRAST  AGENTS 


[34]  Lin  Y.  Hepatic  metastasis  detection:  comparison  of  three  CT  contrast  enhancement 
methods.  U.S.  Patent  4,396,598.  1983  Jan  11.  To  Mallinckrodt,  Inc. 

[35]  Hansen  PE,  Holtermann  H,  Wille  K.  X-ray  contrast  agents.  EP0108638.  1984  July  16.  To 
Nyegaard. 

[36]  Hansen  PE,  Holtermann  H,  Wille  K.  X-ray  contrast  agents.  U.S.  Patent  5,349,085.  1994 
Sept  20.  To  Nycomed  Imaging  AS. 

[37]  Illig  CR.  Nanoparticulate  diagnostic  mixed  carbamic  anhydrides  as  X-ray  contrast  agents 
for  blood  pool  and  lymphatic  system  imaging.  U.S.  Patent  5,472,683.  1995  Mar  9.  To 
Eastman  Kodak  Company. 

[38]  Sachse  A,  Leike  JU,  Schneider  T,  Wagner  SE,  Roessling  G,  Krause  W,  Brandi  M. 
Biodistribution  and  computed  tomography  blood-pool  imaging  properties  of  polyeth¬ 
ylene  glycol-coated  iopromide-carrying  liposomes.  Invest  Radiol  1997;32:44. 

[39]  Danila  D,  Partha  R,  Elrod  DB,  Lackey  M,  Casscells  SW,  Conyers  JL.  Antibody-labeled 
liposomes  for  CT  imaging  of  atherosclerotic  plaques:  in  vitro  investigation  of  an 
anti-ICAM  antibody-labeled  liposome  containing  iohexol  for  molecular  imaging  of 
atherosclerotic  plaques  via  computed  tomography.  Tex  Heart  Inst  I  2009;36:393. 

[40]  Torchilin  VP,  Frank-Kamenetsky  MD,  Wolf  GL.  CT  visualization  of  blood  pool  in  rats 
by  using  long-circulating,  iodine-containing  micelles.  Acad  Radiol  1999;6:6L 

[41]  Pepiol  A,  Teixidor  F,  Saralidze  K,  van  der  Marel  C,  Willems  P,  Voss  L,  Knetsch  MLW, 
Vinas  C,  Koole  LH.  Development  of  a  highly  radiopaque  vertebroplasty  cement  using 
tetraiodinated  o-carborane  as  a  contrast  additive.  Biomaterials  201 1;32:6389. 

[42]  Aviv  H,  Bartling  S,  Kieslling  F,  Margel  S.  Radiopaque  iodinated  copolymeric  nanopar¬ 
ticles  for  X-ray  imaging  applications.  Biomaterials  2009;30:5610. 

[43]  Krause  W,  Hackmann-Schlichter  N,  Maier  FK,  Muller  R.  Dendrimers  in  diagnostics.  Top 
CurrChem  2000;210:26L 

[44]  Estep  KG,  Josef  KA,  Bacon  ER,  Illig  CR,  Toner  JL,  Mishra  D,  Blazak  WF,  Miller  DM, 
Johnson  DK,  Allen  JM,  Spencer  A,  Wilson  SA.  l,3,5-Trialkyl-2,4,6-triiodobenzenes: 
novel  X-ray  contrast  agents  for  gastrointestinal  imaging.  J  Med  Chem  2000;43: 1940. 

[45]  Shalem  H,  Shatzmiller  S,  Feit  BA.  Synthesis  of  model  compounds  for  potential  contrast 
agents  containing  phosphonate  and  peptide  moieties.  J  Chem  Soc  Perkin  Trans  2000; 
1:2831. 

[46]  Parkesh  R,  Gowin  W,  Lee  TC,  Gunnlaugsson  T.  Synthesis  and  evaluation  of  potential  CT 
(computer  tomography)  contrast  agents  for  bone  structure  and  microdamage  analysis. 
Org  Biomol  Chem  2006;4:361 1. 

[47]  Stewart  RC,  Bansal  PN,  Entezari  V,  Lusic  H,  Nazarian  RM,  Snyder  BD,  Grinstaff  MW. 
Contrast-enhanced  CT  with  a  high-affinity  cationic  contrast  agent  for  imaging  ex  vivo 
bovine,  intact  ex  vivo  rabbit,  and  in  vivo  rabbit  cartilage.  Radiology  2013;266  (1):14L 

[48]  Krause  W.  Liver- specific  X-ray  contrast  agents.  Top  Curr  Chem  2002;221:173. 

[49]  Krause  W,  Handreke  K,  Schuhmann-Giampieri  G,  Rupp  K.  Efficacy  of  the  iodine-free 
computed  tomography  liver  contrast  agent,  Dy-EOB-DTPA,  in  comparison  with  a  con¬ 
ventional  iodinated  agent  in  normal  and  in  tumor-bearing  rabbits.  Invest  Radiol  2002; 
37:241. 

[50]  Schumann  H,  Wassermann  BC,  Schutte  S,  Velder  J,  Aksu  Y,  Krause  W,  Raduechel  B. 
Synthesis  and  characterization  of  water-soluble  tin-based  metallodendrimers. 
Organometallica  2003;22:2034. 


20 


IODINE  AS  DISINFECTANT* 


Waldemar  Gottardi 

Department  of  Hygiene,  Microbiology  and  Social  Medicine,  Division  of  Hygiene  and 
Medical  Microbiology,  Innsbruck  Medical  University,  Innsbruck,  Austria 


20.1  HISTORICAL  SURVEY 

As  far  as  is  known,  the  first  use  of  iodine  in  medical  practice  was  as  a  remedy  for 
bronchocele  [1].  Soon  afterward,  Lugol  [2]  treated  scrofuloderma  (tuberculous 
lesions  of  the  skin)  with  an  iodine/iodide  solution  bearing  his  name,  which  is  in  use 
till  now  (as  Strong  Iodine  Solution  United  States  Pharmacopeia  [USP]  XXIII).  The 
first  specific  reference  to  the  use  of  iodine  in  wounds  was  made  in  1839  [3, 4].  Iodine 
was  officially  recognized  by  the  Pharmacopoeia  of  the  United  States  in  1 830,  specif¬ 
ically  as  tinctura  iodini  (tincture  of  iodine).  The  first  fundamental  papers  with  a 
scientific  basis  about  the  degerming  efficiency  of  iodine  were  published  from  1874 
to  1881  by  Davaine  [5].  In  1874,  he  found  iodine  to  be  one  of  the  most  efficacious 
antiseptics,  a  notion  that  is  still  valid  MOyears  later.  On  the  basis  of  Davaine’s  expe¬ 
riences,  Koch  experimented  with  the  disinfecting  effect  of  iodine  against  anthrax 
spores.  His  results  are  contained  in  a  comprehensive  paper  entitled  “Desinfektion” 
[6].  In  the  meantime,  the  literature  about  the  use  of  iodine  as  a  disinfectant  has 
expanded  markedly.  Clinicians  and  microbiologists  described  a  great  number  of 
experimental  data  and  clinical  applications,  which  can  be  found  in  numerous  surveys 
[7-14]. 


*This  contribution  is  a  modification  by  the  author  (W.G.)  of  the  section  “Iodine  and  iodine  compounds,” 
5th  edition,  in  Block  SS,  editor.  “Disinfection,  Sterilization,  and  Preservation,”  Lippincott  Williams  & 
Wilkins,  Philadelphia  2001. 
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Despite  the  successes  that  have  been  achieved  with  iodine,  it  was  ascertained  early 
on  that  it  also  possesses  properties  unsuitable  for  practical  applications.  Goebel  [15] 
referred  to  the  fact  that  iodine  has  an  unpleasant  odor;  in  addition,  it  stains  the  skin 
with  an  intense  yellow-brownish  color,  causes  blue  stains  in  the  laundry  in  the 
presence  of  starch,  and  combines  with  iron  and  other  metals.  Furthermore,  its  solu¬ 
tions  are  not  stable  (under  certain  circumstances);  it  irritates  animal  tissue,  and  it  is  a 
poison.  The  adverse  side  effects  of  iodine,  its  painfulness  on  open  wounds,  and  the 
possibility  of  allergic  reactions  have  in  the  past  100  years  led  to  the  development  of  a 
great  many  iodine-based  preparations  with  the  aim  of  avoiding  these  incompatibil¬ 
ities  without  a  significant  loss  of  germicidal  efficiency.  In  this  connection,  the  iodo- 
phors  finally  approached  this  goal  to  a  great  extent. 


20.2  CHEMISTRY 

Elemental  iodine  dissolves  in  water  and  other  polar  solvents  forming  a  brown  solution, 
which  is  in  contrast  to  polar  solvents  (CCl^,  benzene,  hydrocarbons)  where  it  presents 
a  violet  color.  Whereas  in  violet  solutions,  iodine  is  present  as  molecules  (as  in  the 
gas  phase),  the  brown  color  is  explained  by  the  formation  of  a  compound  between 
iodine  and  the  solvent  molecule  (charge- transfer  complexes).  Its  solubility  in  water  is 
very  poor  (334  ppm  at  20°C)  but  can  be  increased  by  the  addition  of  alkali  iodides, 
causing  the  formation  of  well-soluble  alkali  tri-  and  polyiodides  (see  Eqs.  20.3,  20.5, 
and  20.6).  Another  way  to  increase  solubility  is  by  adding  polymeric  compounds, 
which  are  able  to  form  soluble  complexes  with  iodine,  the  so-called  iodophors. 

20.2.1  Kinds  of  Disinfecting  Iodine  Solutions 

Disinfectants  on  an  iodine  basis  can  be  divided  into  three  main  groups  according  to 
the  solvent  and  substances  interfering  (by  complexing)  with  iodine  species:  (i)  pure 
aqueous  solutions,  (ii)  alcoholic  solutions,  and  (iii)  iodophoric  preparations.  All  of 
them  contain  iodides  whose  concentrations  influence  to  a  great  extent  their  chemical 
and  microbicidal  properties. 

A  reliable  understanding  of  the  processes  coming  about  at  disinfection,  which 
comprises  killing  of  microorganisms  but  also  interactions  with  the  material  to  be 
disinfected  (e.g.,  innate  surfaces,  living  tissue,  body  fluids),  is  essentially  based  on 
knowledge  of  the  species  occurring  in  the  particular  solvent,  their  equilibrium  con¬ 
centrations,  and  their  individual  reactivities. 

20.2.1.1  Aqueous  Solution 

Eor  the  system  iodine/water,  nine  different  equilibria  (Eqs.  20.1-20.9)  are  specified 
[16],  which  produce  at  least  10  new  iodine  species:  I”,  I^,  Ij”,  I^",  HOI,  OF, 
Hip-,  ip^-,  HjOF,  and  IO3-. 


I2  +  HP  -fA  HOI  +  r  +  H^  [hydrolysis,  Kj ) 


(20.1) 
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WOY^r^OV+W*  {^dissociationof  HOI,  K^)  (20.2) 

Ij  +  F  <->  {triiodide  formation,  Kj )  (20.3) 

HOI  +  <->  HjOF  ( protonization  of  HOI,  )  (20.4) 

If  +1^  If  {^pentaiodide  formation,  (20.5) 

21  f  <r^\^  {^dimerization  of  If ,  (20.6) 

01  + 1  +  HjO  <->  HIjO  +  OH^  {iodinationofOI  ,K-j^  (20.7) 

HIjO  <->  IjO  +  H*  {dissociation  of  HI  ^0,Kg^  (20.8) 

3HOI  <->  lOj^  +  2F  +  3H^  {disproportionation^  (20.9) 


As  can  be  seen,  it  deals  with  a  system  of  appreciable  complexity  with  several 
associated  equilibria  governed  mainly  by  H+  and  1“  ions,  which  implies  that  pH  and 
additional  iodide  are  influencing  equilibrium  concentrations.  Another  important  fea¬ 
ture  is  the  reaction  rate:  While  reactions  Equations  (20.1-20.8)  are  judged  to  run 
almost  instantaneously,  disproportionation  to  iodate  (Eq.  20.9)  proceeds  rather  slow 
with  a  rate  influenced  very  much  by  pH  and  additional  iodide,  as  can  be  easily 
deduced  from  the  rate  law  (Eq.  20.10)  [17]. 

d[I03“  ]  /  dt  »  4  X  10~^*  [Iff  !  [E  f  [H^  f  (20.10) 

The  brackets  in  Equation  20.10  refer  to  the  equilibrium  concentrations  of  the 
bracketed  species.  Because  the  reactions  (Eqs.  20.1-20.9)  are  well-studied  with 
important  contributions  published  since  the  early  1980s  that  focus  on  the  fate  of 
radioiodine  species  that  emerge  in  the  course  of  nuclear  accidents  [16],  a  calculation 
represents  the  easiest  way  to  approach  the  equilibrium  concentrations,  whereas 
experimentally  it  would  require  immense  labor,  quite  apart  from  the  fact  that  for 
some  species  no  analytical  methods  are  available  [18]. 

Several  investigations  into  the  equilibrium  concentrations  of  aqueous  iodine  solu¬ 
tions  have  been  done;  they  differ  mainly  with  regard  to  the  equilibria  considered  and  the 
regulating  parameter,  pH,  and  additional  iodide.  One  study  investigated  all  the  immedi¬ 
ately  established  equilibria  (Eqs.  20.1-20.8)  and  both  the  regulating  parameters  [18]. 

It  dealt  with  fresh  iodine  solutions  not  altered  by  disproportionation  (iodate 
formation)  and  provided  results  about  the  equilibrium  concentrations  of  the  species 
I”,  Ij,  Ij”,  Ij“,  lf~,  HOI,  01",  HIjO”,  lOj",  and  H^OF.  Its  results  for  selected  variations 
of  total  iodine  and  iodide,  Lugol’s  solution  and  its  dilutions,  and  the  rates  of  iodate 
formation  are  the  basis  for  most  of  the  following  conclusions: 
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•  Additional  iodide  and  pH  have  a  very  great  influence  (several  powers  of  10)  on 
the  individual  equilibrium  concentrations,  and  consequently  conditions  can  be 
indicated  in  which  the  number  of  species  of  importance  is  drastically  reduced. 
In  the  most  common  case,  iodine  in  the  presence  of  additional  iodide  at  pH  <6, 
only  I“,  I^,  and  1^“  play  a  role. 

•  In  such  a  system  the  analysis  is  fairly  simple  because  HOI  and  all  species  derived 
from  it  (OI“,  HI^O",  I^O^",  H^OP)  and  the  higher  polyiodides  can  be  neglected 
without  any  noticeable  loss  of  precision.  In  other  words,  in  this  case  only  the 
triiodide  equilibrium  (Eq.  20.3)  is  relevant,  and  it  is  not  influenced  by  pH.  This 
has  two  consequences:  (i)  the  distribution  of  the  three  species  is  the  same  at  pH 
6  or  less;  and  (ii)  a  sufficiently  precise  evaluation  can  be  based  on  the  sole  deter¬ 
mination  of  [Ij]  (e.g.,  potentiometrically  [19]  or  by  dialysis  [20])  and  [I“]  (iodide 
electrode),  while  triiodide  is  calculated  from  both.  However,  there  also  exist 
methods  that  allow  a  measurement  of  these  species  in  a  single  operation  [21,  22], 
which,  however,  is  not  applicable  to  iodophoric  preparations. 

•  An  exception  are  systems  with  very  high  iodide  and  iodine  concentration  were 
equilibria  20.5  and  20.6  are  of  importance,  which,  however,  are  independent  of 
pH,  too.  In  the  high-leveled  Lugol’s  solution,  for  example,  the  species  1^“  and 

make  up  8.2%  of  the  oxidation  capacity  and  should  not  be  neglected. 

•  In  absence  of  additional  iodide,  at  pH  8-9  and  high  dilution  [c(Ij)  <10“®M],  on  the 
other  hand,  HOI  amounts  to  over  90%  of  the  oxidation  capacity.  Absence  of  iodide 
is  obligatory,  too,  for  the  presence  of  the  iodine  cation  H^OT  [23],  however,  in  an 
extremely  acid  milieu  that  is  without  any  relevance  for  practice  (see  later). 

•  The  poor  solubility  of  elemental  iodine  in  water  (338.3  ppm,  25°C,  pH  5)  can  be 
increased  by  addition  of  iodide.  This  feature  was  first  used  by  Lugol  [2]  to  whom 
we  owe  the  well-known  disinfecting  solution  bearing  his  name.  Lugol’s  solution 
is  a  highly  concentrated  iodine  formulation  with  5%  iodine  (0.197 moll”*)  and 
10%  KI  (0.6024 moll”*)  and  the  following  calculated  equilibrium  concentrations: 
6.129e”^Ml”*  (155.6ppm)  free  molecular  iodine,  0.406M1”*  (51,650ppm) 
iodide,  0.1803 Ml”*  (68,640ppm)  triiodide,  9.95x  10”^M1”*  (631  ppm)  pentaio- 
dide,  and  7.03  x  10”^M1”*  (5350ppm)  hexaiodide.  Lugol’s  solution,  with  a  three¬ 
fold  molar  excess  of  iodide,  is  completely  soluble  at  any  dilution.  This  applies  to 
all  iodine/iodide  ratios  at  least  down  to  a  twofold  excess.  Less  iodide  would 
cause  a  gap  of  solubility  of  free  molecular  iodine. 

•  The  problem  of  stability  can  be  reduced  to  the  rate  of  iodate  formation  (Eq. 
20.9).  Calculations  based  on  this  rate  law  (Eq.  20.10)  reveal  that  at  pH  less  than 
6,  the  formation  of  iodate  can  be  excluded;  above  pH  7,  however,  it  has  to  be 
taken  into  account.  The  presence  of  iodide  shifts  the  range  of  stability  to  higher 
pH  values,  for  example,  Lugol’s  solution,  which  is  stable  up  to  pH  8.5  [17].  See 
also  Section  20.2.2  later. 

20.2.1.2  Alcoholic  Solution 

Iodine  equilibrates  with  alcohols  by  undergoing  “outer”  and  “inner”  complexes, 
which  finally  results  in  the  formation  of  triiodide,  a  reaction  that  is  accomplished 
after  approximately  24  h  [24]: 
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ROH  +  I2  ROH.I2  ROHri  ROHR  + 1 

“outercomplex"  “innercoraplex" 


I2  +  I  ^3 

I3  +  ROH  ROH  •  I3 

Therefore,  as  in  the  aqueous  system,  we  have  several  oxidizing  iodine  species: 
ROH-Ij,  ROHR,  13",  and  ROH-l3“.  Calculations  concerning  their  distribution,  how¬ 
ever,  even  if  possible,  are  of  no  use  in  a  bactericidal  context  in  a  solvent  that  is  itself 
a  strong  disinfectant. 

20.2.1.3  Solutions  of  lodophors 

lodophors  are  polymeric  organic  molecules  (alcohols,  amides,  sugars)  capable  of 
complexing  iodine  species,  resulting  in  reduced  equilibrium  concentrations  of  the 
species  compared  with  pure  aqueous  solutions  with  the  same  total  iodine  and  total 
iodide  concentrations. 

Because  iodophoric  preparations  always  contain  appreciable  iodide,  the  relevant 
species  that  must  be  considered  are  restricted  to  I“,  and  13”,  for  which  the  (simpli¬ 
fied)  complexing  reactions  Equations  (20.11-20.13)  can  be  written  as  follows: 


I2  +  R  R  •  I2 . 

..K33 

(20.11) 

2  +  R  R  ‘  I3  • 

..K.3_ 

(20.12) 

r  +  R-f^R-r. 

..K. 

(20.13) 

R  =  structural  regions  of  the  iodophor  molecule  capable  of  forming  complexes. 

As  far  as  the  chemistry  of  aqueous  disinfectant  solutions  containing  iodophors  is 
understood  today,  both  electronic  and  steric  effects  are  responsible  for  these  interac¬ 
tions  [25].  Thus,  taking  as  an  analogy  the  known  interactions  with  oxygen  compounds 
of  low  molecular  weight,  such  as  amides,  esters,  ketones,  and  ether  [26,  27],  it  can  be 
assumed  that  between  molecular  iodine  and  the  iodophor  molecules,  which  without 
exception  contain  such  functional  oxygen-containing  groups  (e.g.,  povidone  contains 
a  carbonyl  oxygen  of  the  amide  function  in  the  pyrrolidinone  ring),  donor-acceptor 
complexes  are  formed  (see  also  Eq.  20. 11),  with  iodine  playing  the  part  of  the  acceptor: 

6+  6- 

>C=0  +  l3^>C=0  I-I 

Furthermore,  the  iodophors,  especially  in  high  concentrations,  because  of  the 
spatial  arrangement  of  the  dissolved  polymer  molecules  with  near  regions  of  helix¬ 
like  structure  [20],  are  clearly  able  to  surround  the  iodine  species  in  the  manner  of 
clathrates  and  withdraw  it  from  equilibrium  (Eqs.  20.11-20.13).  This  interaction 
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must  be  of  importance  for  the  iodide  ion  and  particularly  for  the  large-mass  triiodide 
ion.  However,  because  no  quantitative  data  (mass  law  constants)  are  available,  an 
exact  calculation  for  iodophoric  preparations  is  not  feasible.  Nevertheless,  qualitative 
investigations  of  the  interactions  with  the  iodophoric  molecule  polyvinyl-pyrrolidi- 
none  (Gottardi,  unpublished)  reveal  that  is  much  less  than  and  K^^_.  With 
regard  to  the  normal  conditions  of  use,  that  is,  the  presence  of  appreciable  iodide  and 
pH  less  than  7,  this  has  the  following  consequences  [18]: 

1.  HOI  and  the  species  derived  from  (OI“,  HI^O”,  and  H^OH)  can  be 

neglected. 

2.  Since  the  reactions  Equations  (20. 1 1-20.30)  reduce  the  equilibrium  concentra¬ 
tions  of  Ij,  Ij“,  and  to  a  certain  degree  also  I“,  the  species  Ij“  and  can  be 
ignored  as  well. 

Therefore,  in  iodophoric  preparations  only  the  triiodide  equilibrium  (Eq.  20.3) 
and  the  interactions  of  the  iodophoric  molecules  with  I^,  Ij”,  and  I"  are  important,  ah 
of  which  are  independent  of  the  pH.  Because  HOI  is  virtually  not  present,  stability 
problems  concern  only  interactions  with  oxidable  components  (e.g.,  impurities  of  the 
iodophoric  matrix)  but  not  the  disproportionation  to  iodate. 

20.2.1.4  Influence  of  Temperature 

Though  not  usually  considered,  temperature  should  not  be  overlooked.  In  a  study  dealing 
with  10  different  povidone-iodine  preparations  the  results  concerning  the  relative  alter¬ 
ation  of  free  iodine  with  temperature  htted  to  an  exponential  function  of  the  form 


which  is  valid  from  10  to  40°C  [28].  Eollowing  this  equation,  [I^]  increases  about  5.4 
and  100%  if  the  temperature  rises  about  1.0  and  13.1°C.This  increase  of  [I^]  must  be 
considered  in  the  application  of  povidone-iodine  preparations  as  disinfectants  or 
antiseptics  on  living  tissues.  Because  of  their  higher  temperature  (30-36°C),  the 
employed  povidone-iodine  preparations  exhibit  a  significantly  higher  [I^]  than  they 
do  at  room  temperature  (At  =  10-16°C:  =  70-130%).  Therefore,  a  signifi¬ 

cantly  higher  degerming  efficiency  can  also  be  expected  compared  with  that  obtained 
in  in  vitro  experiments,  which  usually  are  conducted  at  room  temperature. 

20.2.1.5  Atypical  Behavior  of  lodophors  at  Dilution 

If  10%  povidone-iodine  is  diluted,  the  concentration  of  free  molecular  iodine  unexpect¬ 
edly  increases  and  passes  through  a  maximum  approximately  in  the  0.1%  solution. 

As  can  be  seen  in  Eigure  20.1,  the  concentration  of  free  iodine  in  a  10%  povi¬ 
done-iodine  solution  comes  to  approximately  2.0 mg  and  8  x  lO'^Ml"'  and  rises  in  a 
1:100  dilution  nearly  tenfold.  On  further  dilution,  after  passing  the  maximum  ([I^]  = 
10“^ Ml"^)  the  free  iodine  behaves  increasingly  “normally” — that  is,  it  decreases — and 
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Concentration  (%) 


FIGURE  20.1  Total  available  ( — ;  dashed  lines)  and  free  molecular.  (-)  iodine  in  aqueous 
povidone-iodine  (determined  potentiometrically  [19])  and  in  LugoTs  solution  (calculated 
after  [29]).  Reproduced  with  permission  from  Ref.  [29]. 

below  0.01%  the  povidone-iodine  solution  can  be  regarded  as  a  simple  aqueous 
solution  of  iodine. 

Because  [I^]  depends  not  only  on  the  concentration  of  povidone-iodine,  but  on 
total  iodine  (in  general  1%)  and  total  iodide  (iodine/iodide  ratio;  see  Pinter  et  al.) 
[30],  and  the  presence  of  iodine  complexing  pharmaceutical  additives,  it  undergoes 
considerable  variations.  Figure  20.1  shows  the  typical  course  of  [I^]  of  a  pure  aqueous 
povidone-iodine  at  dilution.  The  ordinate  of  the  maximum  (and  to  a  lesser  degree 
also  its  abscissa),  therefore,  is  not  a  constant  for  different  iodophors  and  preparations 
containing  iodophors.  It  also  shows  the  behavior  of  LugoTs  solution  on  dilution, 
which  explains  the  drastic  reduction  of  free  iodine  caused  by  the  complexing  prop¬ 
erties  of  the  povidone  molecules. 
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20.2.2  Individual  Reactivities  of  Iodine  Species 

Much  labor  was  devoted  to  clear  up  these  questions.  Some  answers  are  widely  accepted: 

•  Iodide  (I“)  as  a  nonoxidizing  species  has  no  degerming  activity. 

•  This  is  true  for  iodate  (lOj")  as  well,  which  acts  as  an  oxidant  only  at  an  acidic 
pH,  as  HIO3  (<pH  4). 

•  Free'  iodine  (I^)  is  the  only  species  with  a  proved  correlation  between  equilibrium 

concentration  and  bactericidal  activity.  Its  solvated  forms,  or  I^-ROH,  are 

thought  to  be  the  real  microbicidal  agents  in  aqueous  and  alcoholic  solution. 

•  Triiodide  (I^”)  probably  has  no  degerming  activity,  which  was  deduced  from  the 
negative  effect  increasing  iodide  concentration  has  on  the  inactivation  of  polio 
virus  [31].  On  the  other  hand,  triiodide  represents  the  reservoir  of  oxidation 
capacity  in  noniodophoric  preparations  (LugoTs  solution).  It  is  the  main  species 
responsible  for  staining  of  tissue  [32]. 

•  Hypoiodous  acid  (HOI)  is  thought  to  contribute  to  bactericidal  action,  which  is 
a  plausible  analogy  with  the  Cl^/HjO  system  where  HOCl  is  the  real  active 
species.  Although  [33]  claimed  differing  behaviors  of  and  HOI  against  certain 
germs,  reports  on  the  bactericidal  properties  of  HOI  and  on  attempts  to  establish 
a  difference  between  I^  and  HOI  should  be  treated  cautiously  [18].  Although  it 
is  possible  to  manipulate  an  aqueous  iodine  solution  to  exhibit  more  than  90% 
of  the  oxidation  capacity  as  HOI  (pH  >=  8.5,  no  additional  iodide),  such  systems 
in  general  have  no  practical  importance,  mainly  because  of  stability  problems 
(see  later).  On  the  other  hand,  given  a  similar  reactivity  of  I^  and  HOI  in  high 
diluted  systems  [0(13)  <  10“^  M]  without  additional  iodide  (as  is  usual  in  drinking 
water  disinfection),  and  in  the  pH  range  of  3-9,  a  more  or  less  constant  bacteri¬ 
cidal  activity  of  iodine  in  aqueous  solution  can  generally  be  expected  [34]. 

•  Iodine  cation  (H^OF)  is  thought  to  be  a  very  potent  iodinating  agent.  Many  publi¬ 
cations  assign  some  relevance  to  this  species  as  being  responsible  for  disinfection, 
which  can  be  traced  back  to  a  comprehensive  and  very  often  cited  study  dealing 
with  the  halogens  in  disinfection  [31].  However,  exact  calculations  [18]  show  that 
the  iodine  cation  has  some  importance,  if  at  all,  only  under  very  acidic  conditions 
(pH  <  1)  and  in  the  total  absence  of  additional  iodide  where  it  amounts  at  the  most 
to  only  =0.3%  of  total  iodine  at  high  dilution.  Under  practical  conditions,  that  is,  in 
the  presence  of  iodide  (to  regulate  the  concentration  of  free  molecular  iodine  and 
improving  stability),  however,  the  iodine  cation  is  virtually  absent  and  therefore  of 
no  importance.  For  example,  a  solution  with  0(1^)  =  0.001  and  c(I“)  =  0.01  moll”' 
generates  [I^]  =  1.31  x  10“^  moll”'  or  33.3ppm  at  pH  <8.  The  concentration  of  the 
iodine  cation,  however,  comes  to  [H^OF]  =  2.15x10 '^molF',  which  is  about  9 
powers  of  10  less  than  [IJ.  Even  if  we  attribute  a  higher  reactivity  to  the  iodine 
cation,  which  is  thought  to  play  an  important  role  in  certain  organic  substitutions, 
this  can  hardly  explain  any  real  contribution  to  the  disinfecting  process. 


‘  The  term  “free”  serves  to  distinguish  from  complex  bound  as  it  is  discussed  in  iodophoric  preparations 
and  refers  to  the  solvated  forms  I2.H2O  and  I^.ROH. 
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20.2.2.1  Virtual  Impossibility  of  Discriminating  Microbicidal 
Activities  ofl^  and  HOI 

A  frequently  quoted  issue  is  the  contribution  of  free  molecular  iodine,  f,  and  HOI  to 
disinfection  processes  and  the  differences  in  their  bactericidal  power  [31].  As  set 
forth  earlier,  a  solution  containing  predominantly  f  needs  a  pH  <5  and  absence  of 
iodide,  while  in  the  case  of  HOI  it  is  pH  «S.4.  A  comparison  of  the  killing  ejfect  off 
and  HOI  presupposes  that  the  susceptibility  of  bacteria  for  the  interaction  with  these 
iodine  species  is  the  same  in  both  pH  ranges,  which  is  a  coarse  simplification. 
Therefore,  a  definite  differentiation  is  probably  not  feasible,  an  assertion  that  applies 
to  other  iodine  species  as  well. 

20.2.3  Stability  of  Iodine-Based  Disinfectants 

Iodine  and  other  disinfectants  based  on  halogens  in  the  oxidation  states  0  or  +1,  as  far 
as  they  are  not  present  as  pure  substances  (i.e.,  without  a  solvent),  can  gradually  lose 
a  part  of  their  degerming  properties  during  storage.  This  is  due  to  (i)  substitutions  of 
covalent  hydrogen,  for  example,  0-H,  N-H,  CH  (stemming  from  the  solvent,  iodo- 
phoric  molecules,  and  pharmaceutical  additives),  (ii)  additions  to  olefinic  double 
bonds  (Ij,  HOI),  and  (iii)  the  disproportionation  of  the  hypohalous  acid  to  halate  in 
aqueous  preparations  (Eq.  20.9),  which  has  no  degerming  properties  (see  earlier). 
Although  substitutions,  which  in  the  case  of  iodine  are  thought  to  be  fewer  than  with 
chlorine  and  bromine,  and  additions  can  be  avoided  by  an  appropriate  composition, 
the  equilibria  20.1  through  20.8  are  established  in  any  case  if  water  is  present,  and 
iodate  formation  (Eq.  20.9)  can  begin. 

On  the  basis  of  calculated  equilibrium  concentrations,  reaction  times,  and  initial 
rates  of  iodate  formation,  the  following  conclusions  have  been  drawn  concerning  the 
stability  of  iodine-containing  disinfecting  solutions  [17,  18,  34]: 

1 .  Below  pH  6,  a  decrease  of  disinfecting  effectiveness  due  to  the  formation  of 
iodate  can  be  excluded. 

2.  Above  pH  7,  the  formation  of  iodate,  whose  extent  largely  depends  on  the  pH 
value  as  well  as  on  the  iodide  concentration,  must  be  regarded  carefully.  Raising 
the  pH  value  lowers  the  stability  (iodate  formation  increases),  whereas  raising 
the  iodide  concentration  improves  the  stability  (iodate  formation  is  reduced). 

3 .  Because  of  the  stabilizing  effect  of  the  iodide  ion,  provided  that  its  concentration 
is  high  enough,  the  opposite  effect  of  the  pH  value  can  be  overcompensated.  As 
a  result,  iodine-based  preparations  can  also  exhibit  sufficient  stability  for  prac¬ 
tice  in  the  weak  alkaline  range  (e.g.,  LugoTs  solution,  pH  <9). 

4.  In  highly  diluted  iodine  solutions  (<10"®M1“',  or  2.54 mgl“'),  which  are  pre¬ 
sent  in  disinfections  of  potable  water  or  swimming-pool  water,  only  a  slow 
iodate  formation  can  be  expected  even  in  the  absence  of  additional  iodide  and 
pH  <8.  In  accordance  with  this,  in  disinfection  plants  on  an  iodine  basis,  no 
significant  iodate  amounts  have  been  detected  [35]. 

5.  Because  iodate  formation  can  be  avoided  at  pH  <6,  iodine  preparations  are  kept 
at  a  pH  of  5-6  by  appropriate  buffers  (generally  on  a  citrate  and  phosphate 
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basis).  Stability  problems  arising  from  very  slow  substitution  reactions  at  the 
organic  matrix  of  iodophors  (C-H  +  Ij  ^  C-I  +  +  I“)  are  governed  by  the 

addition  of  a  small  amount  of  iodate  (as  NalO^  or  KIO3),  which  by  slow  com- 
proportionation  (reverse  of  Eq.  20.9)  regenerates  consumed  iodine. 

20.2.3.1  Absence  ofN-Iodo  Compounds  in  Aqueous  Solution 
The  well-known  equilibria  of  halogen  with  N-H  compounds: 

X^+H^O-caHOX  +  H^+X^  (20.14a) 

H0X+>N-H-ca>N-X  +  H20  (20.14b) 

lead  to  numerous  N-chloro  compounds,  which  play  an  important  role  in  chlorine- 
based  disinfection  practice;  this  however,  is  not  the  case  with  iodine.^  Although 
N-iodo  compounds  can  be  synthesized  in  a  nonaqueous  system  [37,  38],  in  contact 
with  water  they  immediately  hydrolyze. 

>N-I  +  H20^>N-H  +  H0I  (20.15a) 

HOI  immediately  begins  to  disproportionate  according  to  Eq.  20.9;  iodide  and 
protons  develop,  and  a  comproportionation  reaction  (reverse  of  reaction  Eq.  20.1) 
also  takes  place,  forming  molecular  iodine.  Within  minutes,  the  reaction  settles,  the 
ratio  of  the  resulting  products,  I^  and  lO^”,  complying  with  the  stoichiometry  of 
Equation  (20.15b)  [39]. 

5  >  N  - 1  +  3H3O  ^  5  >  N  -  H  +  21^  +  H+  +  lOj^  (20. 15b) 

Because  the  reactions  Equations  (20.15a  and  20.15b)  are  far  on  the  right  side, 
practically  no  N-iodo  compound  is  present.  N-iodo  compounds  are  virtually  without 
any  relevance  for  disinfection. 

20.2.4  Reaction  with  Proteinaceous  Material:  Bacterial  Kill  and 
Consumption  Effects 

Halogens  react  not  only  with  living  microorganisms  but  also  with  their  environment, 
that  is,  dead  bacteria,  dissolved  proteins,  and  amino  acids.  Compared  with  chlorine, 
the  chemism  is  substantially  simpler  because  iodine  does  not  react  with  amino 
functions  under  conditions  prevailing  at  disinfection  in  practice.  The  main  targets  are 
therefore  aromatic  C-H  functions,  sulfur-containing  amino  acids  (cysteine,  methio¬ 
nine),  and  unsaturated  fatty  acids. 

The  interaction  with  S-H  compounds  runs  in  two  directions,  the  oxidation  to 
disulfides  (Eq.  20.16a),  on  the  one  hand,  and  to  sulfur-oxygen  acids,  that  is,  sulfenic. 


^  This  assertion  complies  with  the  pH  range  relevant  for  disinfection  (pH  4-8)  and  not  with  alkaline  con¬ 
ditions  at  0°C  where  N-iodo  alkyl  amines  can  be  synthesized  even  in  aqueous  solution  [35]. 
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sulfinic,  and  sulfonic  acids  (Eq.  20.16b),  on  the  other  hand.  Because  these  reactions 
run  with  similar  speed,  the  portion  of  the  diverse  products  is  mainly  governed  by  the 
mode  of  mixing.  Equation  20.17  describes  the  substitution  at  activated  aromatic 
compounds,  for  example,  the  amino  acids  tyrosine,  histidine,  and  the  nucleosides 
cytosine  and  uracil,  while  Equation  20. 1 8  refers  to  the  addition  of  to  the  olefinic 
function  of  unsaturated  fatty  acids. 


R-SH_tEi_t5giL^R-SS-R  (20.16a) 

R-SH  >R-SOH  >R-SO,H  >R-SO,H  (20.16b) 

-2H^,  21  -2H^,  21  2  -2H^,  21  3  v  / 

=  CH-  +1^^  =Cr  +  H^+r  (20.17) 

-CH  =  CH  -  +  Ij  ^  -CIH  -  CHI  -  (20.1 8) 

20.2.4.1  Iodine’s  Mode  of  Action  as  a  Microbicide 


Iodine,  mainly  in  its  molecular  form,  can  penetrate  the  cell  wall  of  microorganisms 
rapidly  [33],  which  can  be  deemed  as  its  fundamental  feature.  Although  the  exact 
details  about  the  killing  of  a  living  cell  by  the  f  molecule  (or  one  of  the  reaction 
products  occurring  in  aqueous  solution;  see  Eqs.  20.1-20.9)  are  not  known,  it  is 
plausible  that  microbial  kill  by  iodine  is  based  on  the  reactions  outlined  in  Equation 
20.16-20.18,  which  could  have  the  following  consequences: 

1.  Oxidation  of  the  S-H  group  [31]  of  the  amino  acid  cysteine  results  in  loss  of 
the  ability  to  connect  protein  chains  by  disulfide  (-S-S-)  bridges,  an  important 
factor  in  the  synthesis  of  proteins. 

2.  lodination  of  the  phenolic  and  imidazolic  group  of  the  amino  acids  tyrosine 
and  histidine,  which  easily  form  monoiodo  or  diiodo  derivatives,  and  iodin- 
ation  of  the  pyrimidine  derivatives  cytosine  and  uracil  could  increase  the 
bulk  of  the  molecules,  leading  to  a  form  of  steric  hindrance  in  hydrogen 
bonds. 

3.  Addition  of  iodine  to  unsaturated  fatty  acids  (Eq.  20.18)  is  supposed  to  lead  to 
a  change  in  the  physical  properties  of  the  lipids  and  to  cause  membrane  immo¬ 
bilization  [40]. 

Annotation:  Of  these  points  the  first  might  be  the  most  important,  because  of  both 
the  ubiquitous  SH  groups  and  the  very  fast  and  irreversible  reaction  with  iodine  (see 
also  Section  20.3.2.1). 

20.2.4.2  Effect  of  Iodine-Consuming  (Reducing)  Material 
With  in  vitro  experiments  using  peptone  solutions,  it  was  shown  that  iodine  reacts 
with  proteins  at  least  three  times  slower  than  chlorine  and  nearly  four  times  slower 
than  bromine  [41].  Hence,  in  disinfection  under  conditions  occurring  in  practice,  that 
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is,  in  the  presence  of  dissolved  proteins  (blood,  serum,  sputum),  iodine  is  much  more 
efficient  than  chlorine  (and  bromine)  because  the  share  of  the  employed  halogen 
concentration  that  is  available  for  the  actual  degerming  reaction  is  considerably 
greater.  The  comparatively  low  reactivity  with  proteins  (no  N-iodo  compounds), 
which  is  sufficient,  however,  to  achieve  high  killing  rates,  is  one  of  the  reasons  for  the 
excellent  degerming  properties  of  iodine. 

However,  there  is  a  minor  drawback  with  iodine,  which  can  be  deduced  from 
Equations  (20.16-20.18):  consumption  effects  are  always  connected  with  the 
formation  of  iodide.  Thus,  by  the  reactions  Equations  (20.16-20.18)  not  only  is  the 
reservoir  of  available  iodine  (oxidation  capacity)  diminished,  but  the  triiodide 
equilibrium  (Eq.  20.3)  is  shifted  to  the  right.  This  means  that  the  bactericidal  power 
(which  is  a  function  of  [I^])  is  diminished  to  a  higher  degree  than  would  be  estimated 
on  the  basis  of  the  loss  of  total  iodine.  This  disadvantage  is  avoided  with  formulations 
that  are  able  to  reoxidize  the  formed  iodide,  such  as  “enzyme-based  iodine”  [32,  42]. 


20.3  PREPARATIONS  CONTAINING  OR  RELEASING  FREE  IODINE 

20.3.1  Solutions  of  Iodine  and  Iodide 

To  this  group  belongs  a  great  variety  of  preparations  containing  elemental  iodine  and 
potassium  (or  sodium)  iodide  in  water,  ethyl  alcohol,  and  glycerol,  or  in  mixtures  of 
these  solvents.  They  rank  with  the  oldest  disinfectants  and  have  survived  nearly 
200  years  owing  to  their  efficacy,  economy,  and  stability.  The  following  are  official 
preparations  according  to  USP  XXIII:  (i)  Iodine  Topical  Solution,  an  aqueous  solu¬ 
tion  containing  2.0%  iodine  and  2.4%  sodium  iodide;  (ii)  Strong  Iodine  Solution 
(LugoTs  Solution),  an  aqueous  solution  containing  5%  iodine  and  10%  potassium 
iodide;  (iii)  Iodine  Tincture  containing  2.0%  iodine  and  2.4%  sodium  iodide  in 
aqueous  ethanol  (1:1);  and  (iv)  Strong  Iodine  Tincture  containing  7%  iodine  and  5% 
potassium  iodide  in  95%  ethanol.  Because  all  of  these  preparations  contain  large 
amounts  of  iodide  (0.16-0.6 moll”'),  the  triiodide  equilibrium  (Eq.  20.3)  mainly 
becomes  important.  As  a  result,  these  solutions  virtually  contain  chiefly  molecular 
iodine,  iodide,  and  triiodide  and  are  therefore  very  stable  because  there  is  no  HOI 
present  (see  earlier).  Because  of  their  high  content  of  free  molecular  iodine  (e.g., 
LugoTs  solution:  [I^]  =  155.6ppm),  they  are  powerful  disinfectants  with  the  disad¬ 
vantage  of  staining  and  a  toxic  potential,  which  should  not  be  underestimated  (see 
Section  20.5). 

20.3.2  Preparations  Containing  Organic  Complexing  Agents 

Besides  preparations  with  complexing  agents  of  low  molecular  weight,  such  as  tetra- 
glycine  hydroperiodide  [13],  or  the  inclusion  compound  iodine-maltosylcyclodex- 
trin  [43],  this  group  includes  the  important  “iodophors,”  whose  name  generally 
indicates  the  combination  of  iodine  with  a  carrier  (as  these  complexing  agents  are 
usually  called)  of  high  molecular  weight.  In  aqueous  solution,  iodophors  form  the 
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same  iodine  species  as  do  the  pure  aqueous  iodine  solutions  (see  earlier).  However, 
the  polymer  carriers,  because  of  their  complexing  properties,  partly  reduce  the 
equilibrium  concentrations  of  the  iodine  species  and  give  the  iodophor  preparations 
properties  that  make  them  superior  in  some  respects  to  solutions  containing  only 
iodine  and  iodide. 

20.3.2.1  lodophors 

An  iodophor  is  a  complex  of  iodine  with  a  carrier  that  has  at  least  three  functions:  (i) 
to  increase  the  solubility  of  iodine,  (ii)  to  provide  a  sustained-release  reservoir  of  the 
halogen,  and  (ii)  to  reduce  the  equilibrium  concentration  of  free  molecular  iodine. 
The  carriers  are  neutral  polymers,  such  as  polyvinyl  pyrrolidinone,  polyether  gly¬ 
cols,  polyvinyl  alcohols,  polyacrylic  acid,  polyamides,  polyoxyalkylenes,  and 
polysaccharides. 

In  the  solid  state  iodophors  form  crystalline  powders  of  a  deep  brown  to  black 
color  that  usually  do  not  smell  of  iodine,  indicating  a  tight  bonding  with  the  carrier 
molecules.  Their  solubility  in  water  is  good  but  depends  on  the  chain  length  of  the 
polymeric  molecules  and  varies  in  the  case  of  povidone-iodine  between  5%  (type 
90/04,  average  molecular  weight  near  1,000,000)  and  more  than  20%  (type  17/12, 
average  molecular  weight  near  10,000).  The  best-known  iodophor  is  povidone- 
iodine,  a  compound  of  1 -vinyl-2-pyrrolidinone  polymer  with  iodine,  which 
according  to  USP  XXIII  contains  not  less  than  9.0%  and  not  more  than  12.0%  avail¬ 
able  iodine.  On  the  basis  of  spectroscopic  investigations  [44],  it  was  found  that 
povidone-iodine  (in  the  solid  state)  is  an  adduct  not  with  molecular  iodine  (I^)  but 
with  hydrotriiodic  acid  (HI^),  where  the  proton  is  fixed  via  a  short  hydrogen  bond 
between  two  carbonyl  groups  of  two  pyrrolidinone  rings  and  the  triiodide  anion  is 
bound  ionically  to  this  cation. 

A  completely  different  situation  occurs  in  solution  where  this  structure  no  longer 
exists  and  equilibria  between  I^,  I“,  I^",  and  the  polymeric  organic  molecules  are 
established  (Eqs.  20.11-20.13).  The  high  amount  of  carrier  molecules  (~90gl“') 
results  in  the  content  of  free  molecular  iodine  being  greatly  reduced  in  such  prepara¬ 
tions  (10%  aqueous  solution  of  povidone-iodine:  0(1^)  ~  c(T)  ~  0.04 Ml”'),  [I^]  = 
1  X  10”® Ml”'  or  2.54 ppm),  in  comparison  with  pure  aqueous  solutions  with  the  same 
total  iodine  and  total  iodide  content  (aqueous  iodine  solution:  0(1^)  =  c(I”)  =  0.04 Ml”', 
pH  5:  [IJ  =  5.77x  10”®M1”'  or  1466 ppm®).  The  high  content  of  free  iodide  (which 
varies  between  10”®  and  10”'M1”',  according  to  the  preparation)  also  means  that  HOI 
can  be  disregarded,  and  only  I^  is  responsible  for  disinfection  (see  earlier). 

20.3.2.2  Relevance  of  Free  Molecular  Iodine  to  the  Efficiency 
of  Iodophor  Preparations 

The  real  bactericidal  agent  is  free  molecular  iodine,  because  it  is  this  species  alone 
for  which  a  correlation  between  concentration  and  bactericidal  activity  has  been 
proved,  and  not  for  the  total  iodine  or  iodophor  concentration  [25,  30,  32,  45]. 


*  This  is  a  hypothetical  value  because  the  solubility  of  molecular  iodine  lies  at  334  ppm  (25°C)  and  an 
aqueous  solution  of  this  composition  will  contain  undissolved  iodine. 
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However,  the  various  commercial  preparations  differ  in  the  amount  and  kind  of 
pharmaceutical  additives,  such  as  detergents  and  back  fatting  agents,  all  of  which 
usually  have  iodine  complexing  properties,  as  well  as  in  the  ratio  of  total  iodine  to 
total  iodide  [30].  This  results  in  a  significant  difference  in  the  concentration  of  free 
molecular  iodine,  in  spite  of  the  fact  that  the  actual  iodophor  concentration  or  the 
concentration  of  the  total  (titratable)  iodine  might  be  the  same. 

These  circumstances  justify  the  necessity  to  be  informed  about  free  iodine  for 
which  three  different  methods  have  been  described:  extraction  with  a  nonpolar  sol¬ 
vent,  for  example,  heptane  [46],  dialysis  [20],  and  potentiometrically  [19].  The  latter 
was  the  basis  for  an  essentially  improved  version,  which  has  been  proven  to  be  the 
most  favorable  approach  concerning  equipment,  labor,  and  precision.'^  Free  iodine  is 
the  yardstick  for  bactericidal  potency  (killing  rate),  whereas  the  total  iodine,  which 
follows  from  the  specification  or  simply  can  be  assayed  by  titration,  points  to  the 
disinfection  capacity.  The  latter  comprises  all  oxidizing  iodine  species  and  therefore 
should  not  be  confused  with  free  molecular  iodine,  which  except  in  highly  diluted 
solutions  (see  Fig.  20.1)  amounts  to  only  a  small  fraction  of  the  total  available  (i.e., 
titratable)  iodine.  For  aqueous  preparations,  the  determination  of  free  iodine  is  a  reli¬ 
able  and  simple  means  to  make  predictions  of  the  bactericidal  properties  [47]  and,  as 
already  pointed  out,  should  be  specified  by  the  manufacturer. 

In  view  of  the  fact  that  free  iodine  is  also  a  measure  for  irritation,  it  is  a  severe 
default  on  the  part  of  the  authorities  not  to  insist  on  specifying  the  “free  iodine”  as 
an  integral  parameter  for  iodine,  and  particularly  for  iodophoric  preparations. 

20.3.2.3  Forms  of  Application 

According  to  USP  XXIII,  the  following  application  forms  of  povidone-iodine  are 
approved:  Povidone-Iodine  Topical  Solution,  Povidone-Iodine  Cleansing  Solution, 
Povidone-Iodine  Ointment,  and  Povidone-Iodine  Topical  Aerosol  Solution. 
Concerning  the  available  iodine,  they  have  to  contain  not  less  than  85%  and  not  more 
than  120%  of  the  labeled  amount.  In  general,  povidone-iodine  preparations  contain 
1-10%  povidone-iodine,  which  is  equivalent  to  0. 1-1.0%  of  available  iodine.  They 
may  contain  a  small  amount  of  alcohol  (Topical  and  Cleansing  Solution);  the 
cleansing  solutions  contain  one  or  more  surface-active  agents.  The  aerosol  solution, 
however,  is  a  povidone-iodine  solution  under  nitrogen  in  a  pressurized  container. 

20.3.2.4  Influence  of  Iodine  Consumption  on  the  Efficacy  of  Povidone-Iodine 
Preparations 

Because  iodophoric  preparations  are  mainly  used  as  medical  antiseptics,  the  influence 
of  iodine-consuming  body  fluids  is  a  very  important  feature  with  regard  to  bactericidal 
capacity  and  rate.  Mainly  in  the  presence  of  blood,  which  is  characterized  by  S-H 
functions,  the  reservoir  of  available  iodine  is  substantially  diminished  and,  because  of 
the  formed  iodide  (Eqs.  20.16a-20.17),  the  triiodide  equilibrium  (Eq.  20.3)  is  shifted  to 
the  right.  Both  effects  decrease  the  proportion  of  free  molecular  iodine  (see  earlier). 


■*  The  monograph  “Convenient  procedure  for  measuring  the  free  iodine  in  antiseptic  preparations”  can  be 
acquired  from  the  author  (waldemar.gottardi@i-med.ac.at). 
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On  the  other  hand,  when  povidone-iodine  preparations  are  contaminated  with 
liquid  substrata,  the  dilution  effect  (see  earlier)  causes  an  increase  in  the  equilibrium 
concentration  of  free  molecular  iodine.  The  extent  to  which  this  effect  compensates 
for  the  other  two  depends  on  the  content  of  reducing  substances.  Thus,  with  whole 
blood,  a  large  decrease  in  the  concentration  of  free  molecular  iodine  occurs,  whereas 
in  the  presence  of  plasma  (exudates)  this  concentration  actually  remains  unchanged 
if  the  ratio  is  not  too  high  [48]. 

Quantitative  investigations  into  consumption  of  iodine  (and  also  other  oxidizing 
substances)  with  blood  are  distinguished  by  a  poor  reproducibility,  which  can  be 
attributed  to  the  different  reactions  of  iodine  with  SH  groups  (Eqs.  20.16a  and 
20.16b).  It  is  important  to  note  that  in  practice  no  substantial  decrease  of  the  bacteri¬ 
cidal  efficacy  of  10%  povidone-iodine  preparations  is  likely  to  occur  with  body 
fluids  having  a  composition  similar  to  plasma  (volume  substrate/volume  povidone- 
iodine  10%  <0.6).  However,  contamination  by  greater  than  25%  full  blood  should  be 
avoided. 

20.3.2.5  lodophoric  Preparations  and  the  Term  “Active  Agent” 

In  the  search  for  the  ideal  disinfectant  (i.e.,  the  impossible  combination  of  immediate 
bacterial  kill  with  complete  lack  of  unwanted  side  reactions)  a  lot  of  work  was  done 
by  microbiologists  comparing  preparations  based  on  differing  chemistries  or  killing 
mechanism  (e.g.,  chlorine,  iodine,  aldehydes,  peroxides,  chlorhexidine,  quats). 

The  results  of  such  studies  are  generally  presented  in  terms  such  as,  for  example, 
“0.25%  chlorhexidine  and  0.025%  benzalkonium  chloride  was  more  (or  less)  effec¬ 
tive  than  10%  povidone  iodine.” 

Such  a  formulation  implies  that  povidone-iodine  is  an  active  agent;  however,  this 
is  not  the  case.  The  basic  requirement  to  designate  a  substance  as  an  active  agent  is 
(i)  a  defined  molecule,  and  (ii)  a  positive  correlation  between  the  concentration  of 
these  defined  molecules  and  bactericidal  activity.  Both  criteria  are  not  fulfilled  with 
povidone-iodine. 

Concerning  the  nature  of  povidone-iodine,  with  regard  to  disinfection  the  follow¬ 
ing  points  have  been  made  [49] : 

1 .  Although  in  the  solid  state  povidone-iodine  forms  a  crystalline  powder  with  a 
delineated  structure  in  which  iodine  is  present  in  the  form  of  discrete  HI^  units 
(see  Fig.  20.2),  it  is  not  a  uniform  compound  because  the  polymeric  carrier 


FIGURE  20.2  Stmcture  of  solid  povidone-iodine  [44]. 
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molecules  show  a  molecular  weight  distribution.  In  aqueous  solution,  however, 
HIj  molecules  are  no  longer  there  but  an  equilibrium  exists  between  I“,  I^,  Ij”, 
which  are  more  or  less  complexed  by  the  organic  carrier  molecules. 

2.  Povidone-iodine  preparations  with  10%  povidone-iodine  and  1%  titratable 
iodine  can  easily  be  adjusted  to  contain  a  range  of  0.1  more  than  20 ppm  free 
molecular  iodine  (I^).  Indeed,  in  a  comparison  of  10  commercially  available 
preparations,  a  range  of  0.2-10ppm  free  molecular  iodine  was  found  [50]. 

3.  Because  of  a  possible  range  in  [I^]  of  two  powers  of  magnitude,  preparations 
specified  to  contain  10%  povidone-iodine  will  exhibit  remarkable  variations 
in  bactericidal  activity. 

4.  Because  there  is  no  direct  and  positive  correlation  between  bactericidal  activity 
and  the  concentration  of  povidone-iodine  (dose  action  relation),  it  follows  that 
povidone-iodine  cannot  be  regarded  as  an  active  agent  (like  chlorohexidine) 
but  a  pharmaceutic  base  material. 

5.  As  long  as  free  molecular  iodine  (as  the  most  important  species)  is  not  specified 
(see  earlier),  both  quantitative  killing  results  (log  reductions)  and  evaluation  of 
toxicity  relate  only  to  the  batch  number  X  of  the  preparation  Y  of  the  manufac¬ 
turer  Z  and  do  not  contribute  to  solve  basic  issues  of  iodine  and  disinfection. 

Although  they  have  been  published  [49],  these  assertions  are  not  accepted  (obvi¬ 
ously  because  they  are  not  read  or  understood);  this  also  applies  to  the  previously 
stated  necessity  to  specify  for  iodine-based  preparations,  in  addition  to  total  (titrat¬ 
able)  iodine,  at  least  the  free  molecular  iodine,  which  provides  information  about 
toxic  effects  as  well  as  microbicidal  activity. 

20.3.3  Solid  Iodine-based  Microbicidal  Compositions 

To  this  group  belong  resins  containing  quaternary  ammonium  groups  loaded  with 
triiodide  and  higher  polyiodide  ions  (e.g.,  pentaiodide).  In  contrast  to  the  “classical” 
disinfectants,  which  contain  antimicrobial  agents  that  are  dispersed  in  a  liquid  (or  gas) 
phase,  these  resins  rank  among  the  “nonclassical  chemical  disinfectants”  (NCCD), 
which  consist  of  active  moieties  attached  to,  associated  with,  or  stored  (or  a 
combination  thereof)  in  a  solid  phase  [51].  Their  mode  of  action  is  explained  either  by 
direct,  physical  contact  with  their  surface  or  by  slowly  releasing  a  disinfecting  agent 
(in  this  case  iodine)  into  the  bulk  phase  being  disinfected.  Because  the  residuals  of 
total  iodine  washed  out  by  the  water  flowing  through  the  resin  are  very  low,  the  resins 
seem  to  be  ideally  suited  for  application  in  point-of-use  water  purification  units  [52]. 

20.3.4  Preparations  Producing  Iodine  In  Situ 

Preparations  of  this  kind  do  not  contain  elemental  iodine,  but  rather  iodide  (Nal  or  KI), 
and  produce  the  former  by  an  oxidation  process  (2I“  ^  I^  H- 2e"),  which  can  be  per¬ 
formed  either  chemically  or  by  electrical  current.  In  the  first  case  it  generally  deals 
with  stable  dry  powder  concentrates,  which  start  to  produce  iodine  only  when  they 
come  in  contact  with  water.  Examples  of  oxidants  that  were  used  to  produce  iodine  in 
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situ  are  chloramine-T,  l,3-dichloro-5,5-dimethyl  hydantoin  [53],  and  NH^Cl  [54], 
A  recent  development  uses  calcium  peroxide  as  an  oxidant  and  horseradish  peroxidase 
as  a  catalyst  [32].  The  great  advantage  of  this  concept  called  “enzyme-based  iodine 
(EBI)”  is,  on  the  one  hand,  the  combination  of  a  relative  high  concentration  of  free 
molecular  iodine  (15  ppm)  with  a  comparatively  very  low  concentration  of  total  iodine 
(=30  ppm).  This  is  in  contrast,  for  example,  to  iodophoric  preparations  where  the  ratio 
is  not  1 :2  but  =  1 : 1000.  On  the  other  hand,  the  EBI  system  is  able  to  reoxidize  reduced 
iodine,  which  results  in  a  constant  level  of  active  iodine  during  its  use-life.  This  out¬ 
standing  feature  was  demonstrated  at  repeated  cycles  of  endoscope  processing  [42]. 

The  production  of  iodine  by  anodic  oxidation  of  an  aqueous  iodide  solution  is 
another  feasibility  to  supply  a  diluted  disinfecting  solution  in  situ  in  large  volumes 
recommended  for  municipal  drinking  water  supplies,  cooling  towers,  and  swimming 
pools  [55].  In  a  closed  disinfecting  system,  electric  current  can  be  used  to  reoxidize 
consumed  (reduced)  iodine  for  which  a  potentiometric  steering  is  possible  (Gottardi, 
unpublished  data). 

20.3.5  Synopsis  of  Composition  and  Active  Iodine  Forms  in  Disinfectant 
Solutions 

Table  20. 1  gives  a  synopsis  of  the  different  preparations  containing  and  applications 
using  iodine.  Besides  the  total  concentration  of  iodine  and  iodide,  the  presumable 
active  species  and  their  calculated,  measured,  or  estimated  equilibrium  concentra¬ 
tions  are  shown.  Eurthermore,  a  tentative  description  of  the  conditions  in  alcoholic 
solutions  is  given.  In  contrast  to  pure  alcoholic  solutions  (containing  only  iodine  and 
an  alcohol),  where  iodine  predominately  occurs  in  the  solvated  molecular  form, 
Ij-ROH  (besides  some  triiodide;  see  Section  20.2. 1 .2),  alcoholic  preparations  used  in 
practice  (Tincture  and  Strong  Tincture  of  Iodine,  USP  XXIII)  also  contain  iodide  and 
water,  with  the  result  that  the  equilibria  20.1  through  20.8  are  established,  too. 
However,  because  of  the  iodide  content,  no  HOI  is  present,  and  only  the  solvated 
iodine  molecules  I^-ROH  and  Ij-H^O  -  apart  from  the  alcohol  itself  -  appear  to  be 
responsible  for  disinfection.  A  differentiation  between  the  two  forms  according  to 
relative  reactivity  should  turn  out  in  favor  of  the  hydrate  complex  because  of  the 
greater  stability  of  the  I^-alcohol-solvate  complex  (inductive  effect  of  the  alkyl 
group  increases  the  electron-donating  properties  of  the  oxygen). 

HOI  as  a  virtual  contributor  to  the  microbicidal  process  is  to  be  expected  only  in 
iodine/water  systems  of  high  dilution  and  very  low  iodide  concentration,  as  is  the 
case  with  disinfection  of  drinking  and  swimming-pool  water  on  an  iodine  basis. 


20.4  ORGANIC  IODINE  COMPOUNDS 

Compounds  of  this  class  contain  iodine  bound  to  a  carbon  atom  and  they  differ  from 
the  previously  described  disinfectants  in  that  they  contain  no  free  iodine  and  are  not 
oxidizing.  Iodoform  (triiodomethane),  probably  the  oldest  pharmaceutically  used 
iodine  compound,  forms  yellow  crystals  with  a  characteristic  anesthetic  odor.  It  came 
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into  extensive  use  as  a  dusting  powder,  especially  as  a  local  anti-infective  agent  to 
promote  granulation  and  diminish  infections  of  open  wounds  [13].  Because  of  its 
toxicity  (it  may  cause  sleeplessness,  hallucinations,  and  spasms),  it  has  been  replaced 
by  other  preparations,  especially  those  containing  iodophors,  and  it  is  no  longer  spec¬ 
ified  in  the  USP. 

A  special  application  still  in  use  is  filling  of  cavities  in  dentistry  and  oral  surgery  with 
triiodomethane  containing  pastes  or  gauzes  coated  therewith.  Particularly,  a  calcium 
hydroxide-iodoform  mixture  was  considered  suitable  as  a  root- filling  material  [56]. 
Filling  of  large  cavities,  however,  should  be  avoided  as  O’Connor  et  al.  [57]  reported  on 
a  severe  iodoform  toxicity  with  bismuth-iodoform-paraffin  paste  after  a  total  maxil- 
lectomy.  Concerning  the  bactericidal  mechanism,  iodoform  was  supposed  to  produce 
elemental  iodine  and  formaldehyde  in  connection  with  water  [12].  This  assertion  seems 
to  be  doubtful  as  it  was  impossible  to  detect  any  free  iodine  in  an  aqueous  slurry  of  CHI^ 
at  37°C  and  pH  7  with  a  method  that  is  sensitive  down  to  2.5  x  10“*M1“'  [58]. 

Iodine  derivatives  of  quinoline  exhibit  protozoacide  and  metazoacide  properties 
and  have  shown  excellent  results  in  prophylactic  and  therapeutic  use  [13].  lodoquinol 
(USP  XXIII,  5,7-diiodo-8-quinolinol)  and  Clioquinol  (USP  XXIII,  5-chloro-7-iodo- 
8-quinolinol)  are  the  best-known  active  substances  of  this  type  and  serve  as  the  basis 
for  creams,  ointments,  powders,  and  tablets.  To  this  class  of  compounds  belong  also 
the  iodine-containing  X-ray  contrast  media.  Examples  are  locetamic  Acid,  lopanoic 
Acid,  and  lothalamic  Acid  (all  USP  XXIII).  They  contain  a  benzene  ring  system  with 
three  iodine  atoms  in  the  meta-position  and  are  used  as  such  but  also  in  the  form  of 
their  derivatives.  The  radioactive  compounds  lodohippurate  Sodium  I  123  and  I  131 
(USP  XXIII)  are  used  for  nuclear  medical  purposes.  Of  historical  interest  are  the 
iodonium  compounds  with  the  general  formula  [R2P]X“,  where  R  is  an  organic  rad¬ 
ical  and  X"  an  inorganic  or  organic  anion,  for  example,  diphenyliodonium  chloride. 
The  structure  resembles  the  onium  compounds  (e.g.,  quaternary  ammonium),  and  the 
active  part  of  these  compounds  is  iodine  in  the  oxidation  state  h-3  [59]. 


20.5  TOXICITY 

Toxicity  comprises  all  unwanted  side  reactions  which  can  be  classified  as  primary 
effects  like  irritation  and  staining,  and  secondary  effects  that  are  the  biological  con¬ 
sequences  of  incorporation.  In  discussing  these  features,  it  is  necessary  to  take  into 
account  (i)  the  composition  of  the  preparation,  that  is,  the  equilibrium  concentrations 
of  the  iodine  species  I^,  I",  and  I^",  (ii)  their  specific  contribution  to  toxic  effects,  (iii) 
the  nature  of  the  tissue  coming  in  contact  with  the  iodine  system,  and  (iv)  the  mode 
and  time  of  application. 

•  Irritation  is  a  result  of  iodinating  or  oxidizing  reactions  for  which  chiefly  free 
molecular  iodine  is  responsible.  Because  these  reactions  are  the  same  that  cause 
bacterial  kill,  in  general  a  positive  correlation  between  both  features  can  be  expected. 
However,  the  surprisingly  low  toxicity  of  the  enzyme-based  low-level  iodine  disin¬ 
fecting  system  [42]  reveals  that  a  high  concentration  of  free  molecular  iodine 
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(15ppm)  is  well-tolerated  if  total  iodine  (triiodide)  is  very  low  (30-40ppm). 

•  Staining  is  mainly  caused  by  the  triiodide  ion  and  only  to  a  minor  degree  to  free 
molecular  iodine  [32].  The  deep  brownish  color  on  skin  is  often  misinterpreted 
as  a  kind  of  burn. 

•  For  incorporation  effects  two  routes  are  possible:  diffusion  through  the  treated 
tissue  and  uptake  as  drinking  water.  In  the  first  case,  uncharged  molecular  iodine 
plays  the  main  role  because  it  is  able  to  diffuse  through  the  skin.  For  the  ionic 
species  like  1“  and  1^“,  however,  the  intact  skin  acts  as  a  barrier  [60] .  The  triio¬ 
dide  ion,  therefore,  is  retained  in  the  outer  layers  of  the  horny  skin  where  it 
causes  staining  that  cannot  be  removed  by  washing.  However,  because  of  the 
equilibrium  1^“  -<-^12  + 1”,  as  long  as  staining  is  visible  molecular  iodine  is  formed, 
which  diffuses  in  deeper  regions  of  the  skin  where  it  is  reduced  provoking  an 
increase  of  serum  iodide.  On  the  other  hand,  there  is  also  a  diffusion  out  of  the 
skin  causing  a  remanent  bactericidal  action  (see  later).  Therefore,  staining, 
though  caused  by  the  charged  species  Ij“,  also  gives  rise  to  a  real  incorporation 
and  should  be  deemed  as  a  sign  of  toxicity.  The  contribution  of  iodide  to  incor¬ 
poration  is  confined  to  ingestion  (iodinated  drinking  water,  iodide-containing 
foodstuffs)  and  resorption  at  the  disinfection  of  mucous  tissues. 

Although  the  symptoms  are  clear  in  irritation  and  staining,  the  secondary  effects 
(based  on  incorporation)  have  diverse  manifestations:  elevated  iodide  levels  in  urine 
and  serum,  and  deviations  (usually  an  increase)  in  serum  levels  of  parameters 
connected  with  thyroid  function,  T^  (thyroxine  or  tetraiodothyronine),  Tj  (triiodothy¬ 
ronine),  and  thyrotropin  (thyroid-stimulating  hormone  [TSH]). 

20.5.1  Topical  Antiseptic  Preparations 

20.5.1.1  Iodine  Tincture 

High  doses  of  free  iodine,  such  as  in  the  form  of  iodine  tincture,  are  highly  toxic  if 
they  enter  body  cavities  and  cause  swelling  and  bleeding  of  mucous  membranes. 
Consumption  of  30  g  of  iodine  tincture  can  be  fatal  [61].  As  an  antidote  for  such  acci¬ 
dents,  10-20g  sodium  thiosulfate  (reduction  of  iodine  to  iodide)  or  starch  (formation 
of  inclusion  compounds)  orally  is  recommended  [62] . 

20.5.1.2  Lugol’s  Solution 

The  high  concentration  of  free  iodine  ([I^]  =  155.6ppm)  proves  that  it  is  a  powerfully 
disinfecting  but  also  rather  toxic  solution,  with  strong  staining  properties  grounded 
on  the  high  triiodide  concentration  (0.1 8 moll”').  It  should  be  used  only  externally  on 
very  small  areas  where  it  can  be  recommended  in  emergency,  for  example,  at  injuries 
by  contaminated  hypodermic  needles. 

20.5.1.3  Enzyme-Based  Iodine 

Toxicity  tests  including  oral  toxicity,  primary  dermal  irritation,  acute  inhalation,  ocular 
toxicity,  acute  dermal  irritation,  and  sensitization  assays  in  test  animals  (rat,  rabbit,  and 
guinea  pig)  showed  no  evidence  of  toxicity  for  FBI  except  a  slight  irritation  at  the 
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unwashed  rabbit  eye  and  at  the  primary  dermal  test  [42].  The  authors  attribute  the  low 
toxicity  on  external  and  internal  surfaces  of  living  animals  to  the  low  level  of  total 
iodine  (i.e.,  triiodide)  in  the  germicide. 

20.5.1.4  Povidone-Iodine 

Povidone-iodine  preparations  were  introduced  in  the  1960s  with  the  aim  to  prevent 
primary  toxic  effects,  which  is  founded  on  their  low  concentration  of  free  molecular 
iodine.  Their  low  toxic  potential  was  inferred  from  the  increase  in  serum  iodide  with 
their  use,  which  is  less  than  with  iodine  tincture  or  Lugol’s  solution  [12].  Since  the 
carrier  polyvinyl  pyrrolidinone  was  used  as  a  blood  substitute,  toxicity  can  be  deemed 
as  a  secondary  problem.  The  good  tolerableness  becomes  apparent  in  the  successful 
application  in  healing  burned  skin,  whereas  iodine  resorption  remains  in  any  case  a 
drawback.  Hunt  et  al.  [63]  found  that  the  amount  of  absorbed  iodine  was  directly 
related  to  the  size  of  the  burn.  Kuhn  et  al.  [64]  also  state  that  on  treating  burns  with  a 
povidone-iodine  preparation,  plasma  iodine  (i.e.,  iodide)  sharply  increased  from  6.4 
±  0.4  to  20.7  ±  4.7  pg  100 ml”';  however,  the  authors  also  state  that  the  thyroid 
function  does  not  seem  to  be  modified  by  plasma  iodine  overload.  Globel  et  al.  [65] 
investigated  iodine  uptake  after  use  of  povidone-iodine  preparations  (Betaisodona) 
as  a  mouth  antiseptic,  vaginal  gel,  and  liquid  soap  in  subjects  with  normal  thyroid 
function.  By  measuring  serum  iodide,  T^,  T^,  TSH,  and  urinary  iodide  excretion  (as 
an  index  of  thyroid  function),  the  authors  observed  an  increase  in  iodine  supply  of  up 
to  2  mg  daily,  but  in  no  case  the  developing  of  hyperthyroidism  or  hypothyroidism. 
Because  the  test  conditions  were  drastic  (e.g.,  hands  and  forearms  were  washed  10 
times  for  2'/2min  with  povidone-iodine  liquid  soap  within  5h),  one  would  tend  to 
think  that  povidone-iodine  preparations  are  nontoxic  at  least  in  healthy  adults. 

In  contrast,  application  of  topical  iodinated  antiseptics  in  neonates  (in-term  and 
preterm)  caused,  besides  notably  increased  urinary  iodide  excretion,  significant  high 
levels  of  TSH,  which  was  interpreted  in  terms  of  a  transient  thyroid  dysfunction  [66, 
67].  In  a  large-scale  study  at  an  obstetric  ward  it  was  found  that  the  iodine  overload 
of  the  mothers,  caused  by  skin  disinfection  prior  to  delivery  using  an  iodophor  prep¬ 
aration,  induces  a  transient  impairment  of  thyroid  function  of  the  infants,  especially 
if  breastfed.  Because  this  situation  is  detrimental  to  screening  for  congenital  hypo¬ 
thyroidism,  iodophor  preparations  are  not  recommended  in  obstetrics  [68].  All  three 
author  groups  recommend  exercising  caution  in  the  use  of  iodine-containing  antisep¬ 
tics  in  neonates  and  the  preferable  use  of  noniodinated  substances  with  similar  anti¬ 
bacterial  efficacy. 

However,  in  a  prospective,  controlled  study  it  was  found  that  transient  hypothy¬ 
roidism  is  not  a  common  sequela  of  routine  skin  cleansing  with  povidone-iodine  in 
premature  newborn  infants  in  North  America,  an  iodine-sufficient  area  [69].  This 
result  differs  from  the  foregoing  studies  that  were  performed  in  Europe,  which  is 
generally  accepted  as  a  iodine-deficient  area. 

The  irritation  potential  of  povidone-iodine  solutions  was  investigated  by  com¬ 
paring  subjective  and  objective  assessment  techniques  with  three  similar  formulations 
(all  containing  10%  povidone-iodine  and  variable  amounts  of  potassium  iodate:  0, 
0.03,  and  0.225%),  which  were  applied  for  1-8 h  to  the  skin  [70].  The  methods  used. 
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subjective  assessment  of  erythema,  objective  measurement  of  skin  color  (erythema 
meter),  and  laser  Doppler  blood-flow  measurements,  showed  consistent  results  indi¬ 
cating  a  steady  increase  in  cutaneous  irritation,  which  in  one  case  (the  preparation 
with  highest  level  of  potassium  iodate)  was  essentially  elevated.  However,  since  these 
experiments  were  conducted  with  the  povidone-iodine  specimen  occluded  using 
aluminum  chambers,  the  results  should  not  be  transferred  to  the  normal  condition 
where  the  povidone-iodine  solution  dries  on  the  skin  forming  a  protective  film  with 
very  reduced  free  iodine. 

That  povidone-iodine  can  also  evoke  fatal  consequences  if  misapplied  was  shown 
in  a  case  report  on  surgical  debridement  of  a  hip  wound  where  a  patient  died  lOh 
following  a  continuous  postoperative  wound  irrigation  with  Betadine.  Toxic  manifes¬ 
tations  of  systemic  iodine  absorption  appeared  to  cause  the  demise  [71]. 

Concerning  toxicity  of  topical  preparations,  the  following  generalizations  can  be 
made: 

1 .  Because  the  stratum  corneum  of  intact  skin  is  an  effective  barrier  against  elec¬ 
trolytes  [60],  it  is  penetrated  by  iodine  in  the  form  of  molecular  iodine  and  not 
of  iodide  or  triiodide. 

2.  In  body  cavities  (e.g.,  during  treatment  of  mucous  membranes,  perineal  wash) 
that  are  not  protected  by  a  stratum  corneum,  however,  the  incorporation  of 
iodide  and  triiodide  also  becomes  important  because  iodine  preparations 
always  contain  these  species. 

3.  Depending  on  the  chemical  nature  of  the  tissue — dry  skin  with  a  lower,  or  sur¬ 
faces  of  body  cavities  with  a  higher  reducing  potential — the  penetrating  iodine 
will  be  reduced  more  or  less  fast  to  iodide. 

4.  The  degree  of  irritation  and  the  amount  of  total  iodine  absorbed  by  the  body 
mainly  depend  on: 

a.  The  composition  of  the  applied  solution  with  regard  to  the  concentrations  of 
the  main  iodine  species,  I^,  Ij“,  and  I“. 

b.  The  time  of  application 

c.  The  treated  area. 

d.  The  nature  of  the  treated  area  (horny  skin,  mucosa). 

e.  The  physical  condition  (intact  skin,  open  wounds). 

Long-term  applications  (irrigation)  on  open  wounds  with  concentrated  for¬ 
mulations  (e.g.,  undiluted  povidone-iodine  preparations)  should  be  avoided. 

5.  As  long  as  it  is  not  reduced  (i.e.  staining  is  visible),  free  iodine  present  in  the 
skin  diffuses  not  only  into  deeper  regions  but  also  back  (out  of  the  skin), 
resulting  in  a  certain  period  of  residual  bactericidal  activity  on  the  skin  surface 
(see  later).  The  reduced  portion,  however,  remains  for  some  time  in  the  body 
and  gives  rise  to  an  increase  in  the  level  of  serum  iodide. 

6.  The  incorporated  iodine  in  the  form  of  iodide  and  organic  bound  iodine  (which 
comes  to  -75%  of  the  total  resorbed  iodine)  leaves  the  body  by  urinary  excre¬ 
tion  with  a  biologic  half-life  of  approximately  2  days  [65].  This  finding  also 
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suggests  that  the  frequency  of  treatments  (e.g.,  in  case  of  burned  skin)  be  taken 
into  account  because  it  can  provoke  an  unexpected  accumulation. 

7.  If  the  mode  of  application  of  an  iodine  preparation  leads  one  to  expect  a  mea¬ 
surable  increase  of  serum  iodide,  the  change  to  another  disinfectant  is  indi¬ 
cated  in  case  of  neonates  and  persons  with  disturbed  thyroid  functions. 


20.5.2  Ingestion  of  lodinated  Drinking  Water 

Although  it  has  limited  use  in  terrestrial  fields,  elemental  iodine  is  considered  to  be 
an  appropriate  water  drinking  disinfectant  on  extended  space  flights  because  it  does 
not  present  other  hazards  (like  chlorine  gas  or  ozone)  that  are  unacceptable  in  a  con¬ 
fined  space  [72].  In  view  of  the  known  potential  risks  associated  with  elevated  intakes 
of  iodine — in  particular,  congenital  goiter — the  effects  of  iodine  and  iodide  on  thy¬ 
roid  function  in  humans  were  investigated  [73].  The  experiments  failed  to  confirm 
the  differential  effect  of  on  maintenance  of  serum  concentrations  relative  to  the 
effect  of  1“  that  was  observed  in  prior  experiments  in  rats  [74] .  However,  based  on  the 
elevations  in  TSH,  the  authors  have  expressed  some  concern  over  the  potential 
impacts  of  chronic  consumption  of  in  drinking  water. 


20.6  PRACTICAL  APPLICATIONS 
20.6.1  Human  Medicine 

The  most  important  application  of  iodine  in  human  medicine  is  in  the  disinfection  of 
skin,  which  has  been  in  use  since  the  mid-nineteenth  century  [10].  In  addition  to  pro¬ 
phylaxis  (e.g.,  preoperative  preparation  of  the  skin,  surgical  disinfection  of  hands, 
disinfection  of  the  perineum),  iodine  preparations  are  also  used  for  therapeutic  pur¬ 
poses,  for  example,  the  treatment  of  infected  and  burned  skin.  The  oldest  account  in 
this  regard  dates  back  to  1829:  “Memoire  sur  Temploi  de  Tiode  dans  les  maladies 
scrofuleuses”  [2]. 

The  high-level  aqueous  and  alcoholic  iodine  preparations  used  up  to  the  1960s 
have  been  replaced,  to  a  great  extent,  by  the  iodophors  because  of  fewer  unwanted 
side  reactions  (see  Section  20.3.2.1).  Among  the  investigated  iodophors,  povidone- 
iodine  is  usually  considered  the  compound  of  choice  [12].  However,  the  initial  enthu¬ 
siasm  for  this  compound  was  curtailed  by  the  observation  of  intrinsic  bacterial 
contamination  of  a  10%  povidone-iodine  preparation  (Pharmadine)  by  Pseudomonas 
cepacia,  leading  to  an  outbreak  of  pseudobacteremia  in  a  hospital  [75].  Another  sur¬ 
prising  feature  was  the  increased  bactericidal  activity  of  dilute  povidone-iodine 
preparations  [45].  These  events  initiated  a  thorough  study  of  the  physico-chemical 
fundamentals  of  povidone-iodine  [20,  19]  and  the  articulation  of  the  importance  of 
galenics  in  the  microbicidal  efficacy  of  povidone-iodine  solutions  [30].  Attempts 
were  also  made  to  replace  the  povidone  carrier  by  other  macromolecules  that  might 
be  still  more  harmless  than  povidone,  which  after  all  has  been  used  as  a  blood  substi¬ 
tute.  In  this  connection  polymers  built  up  of  sugar  molecules  (e.g.,  polydextrose)  are 
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of  great  interest.  An  interesting  member  of  this  group  is  cadexomer  iodine,  which, 
when  formulated  as  a  topical  wound  dressing,  adsorbs  exudate  and  particulate  matter 
from  the  surface  of  granulating  wounds  and,  as  the  dressing  becomes  moist,  releases 
iodine.  The  product  thus  has  the  dual  effect  of  cleansing  the  wound  and  exerting  a 
bactericidal  action  [76]. 

When  rigid  aseptic  precautions  are  required  and  no  painful  irritations  are  expected, 
however,  iodine  tincture  is  used  as  the  strongest  disinfectant  based  on  iodine.  A 
detailed  review  of  the  use  of  iodine  in  human  medicine  is  given  by  Knolle  [12],  and 
a  good  historical  account  and  information  on  aqueous  solutions  of  iodine  and  tincture 
is  given  by  Reddish  [7]. 

Iodine  has  also  been  used  for  the  disinfection  of  medical  equipment,  such  as  catgut, 
catheters,  knife  blades,  ampules,  plastic  items,  rubber  goods,  brushes,  multiple-dose 
vials,  and  thermometers  [13].  It  should  be  mentioned,  however,  that  disinfection  with 
iodine  is  not  appropriate  for  every  sort  of  material.  Many  metal  surfaces,  in  particular, 
are  not  resistant  to  oxidation  and  can  be  altered.  Furthermore,  some  plastics  absorb 
elemental  iodine  causing  a  brownish  staining,  which  fades  very  slowly  if  at  all. 

20.6.2  Veterinary  Medicine 

Disinfection  of  cow’s  udder  before  and  after  milking  with  iodine  is  a  widely  adopted 
application,  which  started  in  1985  when  it  was  found  that  dipping  teats  in  0.1,  1,  and 
2.5%  tinctures  of  iodine  markedly  reduced  the  numbers  of  staphylococci  that  were 
recovered  from  milking  machine  liners  [77].  Today  it  is  performed  using  iodophoric 
preparations  with  0.25-1.0%  available  iodine.  This  treatment  is  well-tolerated  and 
reduces  the  incidence  of  intramammary  infections  caused  by  Streptococcus  and 
Staphylococcus  pathogens  common  around  dairies  [78,  79].  With  regard  to  the  pos¬ 
sible  contamination  of  milk  with  iodine,  however,  contamination  would  seem  to  be 
less  likely  with  a  preparation  containing  low  concentrations  of  total  iodine.  An 
example  is  the  animal  drug  lodoZymef^,  an  FBI  powder  concentrate  that  produces 
on  dissolution  500  ppm  total  iodine  with  150  ppm  I^  [80].  The  manufacturer  claims 
that  it  is  as  effective  as  conventional  0.5%  iodine  teat  dip  (based  on  povidone-iodine), 
but  contains  only  1/lOth  of  total  iodine  compared  to  the  latter. 

20.6.3  Disinfection  of  Water 
20.6.3.1  Drinking  Water 

The  first  known  field  use  for  iodine  in  water  treatment  was  in  World  War  I  by 
Vergnoux  [53],  who  reported  rapid  sterilization  of  water  for  troops.  Since  that  time 
several  studies  have  been  made  [53]  showing  that  iodination  is  suitable  for  the  disin¬ 
fection  of  drinking  water,  especially  in  emergency  situations.  Of  considerable  impor¬ 
tance  is  the  work  of  Chang  and  Morris  [81],  which  led  to  the  development  of 
tetraglycine  hydroperiodide  tablets  (Globaline),  which  have  been  successfully  used 
to  disinfect  small  or  individual  water  supplies  in  the  U.S.  Army.  This  method  of  water 
purification  (addition  of  iodine  tablets  or  calcium  hypochlorite  to  the  water,  followed 
by  a  25-  or  30-min  disinfectant  contact  period,  respectively,  before  drinking)  is  still 
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in  use  in  the  U.S.  Army.  The  Travelers  Medical  and  Vaccination  Center  [82]  claims 
that  chemical  disinfection  using  iodine  (“Potable  Aqua”  tablets)  is  more  reliable  for 
water  purification  than  chlorine  or  silver.  Since  the  killing  effect  of  iodine  depends 
on  the  temperature,  they  recommend  the  following  standing  times:  60,  30,  and  15  min 
at  5,  15,  and  30°C  (one  iodine  tablet  for  1 1  of  water). 

The  use  of  iodine  involves  some  health  risks  because  the  chemicals  carrying  out 
the  disinfection  are  not  removed  in  these  procedures  [83].  On  the  other  hand,  it  was 
demonstrated  in  two  prison  water  systems  that  iodine  in  doses  up  to  1.0  ppm  is 
sufficient  for  disinfection,  does  not  produce  any  discernible  color,  taste,  or  odor,  and 
has  no  adverse  effect  upon  general  health  or  thyroid  function.  Thomas  et  al.  [84] 
reported  a  15 -year  pilot  project  in  which  they  observed  no  instances  of  ill  effect 
caused  by  the  use  of  iodine  for  water  disinfection.  The  authors  found  that  iodination 
is  an  effective  and  economic  means  of  water  purification,  of  particular  advantage  in 
rural  and  underdeveloped  countries.  More  recently,  the  iodine  resins  have  been  suc¬ 
cessfully  used  as  a  basis  for  purifier  units  that,  as  long  as  they  are  not  exhausted, 
work  very  well,  bringing  about  a  kill  of  4  logs.  For  emergency  and  for  travelers, 
“pocket  purifiers”  have  been  developed  whose  performance  was  officially  approved 
through  registration  by  the  U.S.  Environmental  Protection  Agency  [85].  A  descrip¬ 
tion  and  discussion  of  iodine-containing  ion-exchange  resins  for  point-of-use  water 
including  a  new  resin  type  providing  a  more  consistent  and  more  controllable  level 
of  iodine  was  given  by  Osterhoudt  [52].  For  the  disinfection  of  the  drinking  water 
supplies  aboard  a  spacecraft,  iodine  was  chosen  because  of  its  low  risk  potential 
(compared  to  ozone  or  chlorine).  For  the  Skylab  mission  it  was  furnished  by  a  30gl“' 
stock  solution  containing  KI  and  in  a  2:1  molar  ratio,  while  for  the  Space  Shuttle 
program  a  new  device  for  the  controlled  release  of  I^,  termed  the  Microbial  Check 
Valve  (MCV),  was  introduced,  which  is  a  canister  containing  an  iodinated  strong 
base  ion-exchange  resin  packed  with  polyiodide  anions  (1^  ,  Ij  ,  I.^ )  [72]. 

20.6.3.2  Swimming-Pool  Water 

Compared  with  chlorine,  the  use  of  iodine  has  the  advantage  that  it  virtually  does  not 
react  with  ammonia  or  other  nitrogenous  compounds  and  therefore  produces  no  com¬ 
pounds  that  are  likely  to  contribute  to  swimmers’  discomfort  in  the  form  of  eye  irrita¬ 
tion  or  obnoxious  odors  [86].  The  use  of  iodine  in  swimming-pool  disinfection  has  the 
following  advantages  [87]:  (i)  approximately  one-third  saving  on  chemical  cost,  (ii) 
no  disagreeable  odor  or  taste,  (iii)  no  irritation  of  the  mucous  membranes,  (iv)  good 
disinfection  of  swimming-pool  waters,  (v)  no  danger  in  storage  or  use,  because  the 
material  is  in  crystalline  form,  (vi)  the  residual  is  stable  and  does  not  fluctuate  quickly, 
(vii)  pFl  is  stable  after  balance  is  reached,  and  (viii)  swimmers’  comfort  is  enhanced. 

On  the  other  hand,  iodine  is  a  notoriously  poor  algicide,  and  the  control  of  algal 
growth  requires  additional  measures.  Probably  the  most  serious  flaw  in  the  use  of 
iodine  is  the  difficulty  in  controlling  the  color  of  the  pool  water,  mainly  in  the 
presence  of  a  large  amount  of  iodide,  which  generates  a  yellowish-brown  color  (pro¬ 
duced  by  ions).  The  problem  of  color  control  plus  the  inability  of  iodine  to  control 
algae  all  but  eliminate  it  from  use  by  the  swimming-pool  industry  [53].  During  the 
last  years  no  important  contributions  concerning  this  topic  have  been  made. 
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20.6.3.3  Wastewater 

Only  a  few  contributions  deal  with  the  use  of  iodine  in  the  disinfection  of  waters 
that,  in  contrast  to  drinking  and  swimming-pool  water,  do  not  come  in  direct 
contact  with  man,  for  example,  wastewater  and  industrial  waters.  Because  these 
waters  in  general  are  highly  charged  with  dissolved  nitrogenous  substances  (pro¬ 
teins  and  their  hydrolysis  products),  the  use  of  iodine,  which  does  not  react  with 
nitrogen  compounds,  should  confer  great  advantages  because  of  low  iodine 
consumption. 

For  applications  that  range  in  technical  dimensions,  however,  the  question  of 
costs  also  has  to  be  considered,  and  because  iodine  is  nearly  three  times  as  expen¬ 
sive  as  chlorine  per  mole,  the  advantages  and  disadvantages  of  iodine  must  be 
weighed  carefully.  In  a  study  about  disinfection  with  a  mixture  of  F  and  NH^Cl  that 
generates  elemental  iodine,  Kinman  and  Layton  [54]  found  that  this  system  offers 
considerable  potential  for  use  in  water  disinfection  for  potable  waters,  industrial 
waters,  and  waters  that  must  be  discharged  to  shellfish  areas.  Investigating  alterna¬ 
tives  to  wastewater  disinfection  in  pilot  plant  studies,  Budde  et  al.  [88]  compared 
the  disinfectants  chlorine,  ozone,  and  iodine  and  found  that  for  the  same  level  of 
fecal  coliform  destruction,  iodine  was  the  most  expensive  under  all  conditions 
studied.  Nevertheless,  innovations  were  presented  during  the  past  few  years  main¬ 
taining  the  use  of  iodine  in  this  field.  Besides  an  electrolytic  approach  [50],  a  method 
using  solid  iodine  as  source  was  published  [89].  In  both  cases  the  resulting  diluted 
iodine  solution  is  recommended  for  disinfection  of  cooling  tower  waters,  sewage, 
and  wastewater. 

The  suitability  of  iodine  for  the  food  processing  industry,  particularly  as  iodinated 
ice  for  fish  and  fish  products  preservation,  is  also  claimed  [89]. 


20.6.4  Disinfection  of  Air 

Since  Lombardo  [90]  first  advocated  the  use  of  iodine  as  an  aerial  disinfectant, 
experiments  on  the  disinfection  of  air  have  been  carried  out,  mainly  during  World 
War  II.  Plesch  [91]  recommended  the  aerial  disinfection  of  air-raid  shelters  with 
iodine  vapors  as  a  prophylactic  measure  against  influenza.  White  et  al.  [92]  reported 
iodine  to  be  effective  as  an  aerial  disinfectant  at  concentrations  much  below  its  sat¬ 
uration  vapor  pressure,  and  Raymond  [93]  found  a  “relatively  tolerable” 
concentration  of  O.lmgfL^  (3.5  mg m^^)  to  be  sufficient  for  a  rapid  kill  of  freshly 
sprayed  salivary  organisms.  However,  iodine  vapors  pose  dangers  to  the  respiratory 
organs,  which  has  been  demonstrated  by  the  fact  that  the  maximum  allowed 
concentration  of  iodine  comes  to  l.OmgM^^  (threshold  limit  value)  [94],  which  is 
less  than  one-third  of  the  concentration  recommended  by  Raymond  [93].  In  spite 
of  this  drawback,  iodine-based  procedures  were  proposed  (mainly  in  the  Far  East) 
with  the  aim  to  disinfect  air  by  iodine-containing  wall  coatings  [95],  ceramics 
loaded  with  iodine  [96],  and  vaporizing  solutions  containing  iodine  among  other 
constituents  [97,  98]. 
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20.7  RESIDUAL  EFFECTS  OF  IODINE  PREPARATIONS 

The  aforementioned  back  diffusion  of  the  not-reduced  portion  of  the  absorbed  iodine, 
which  takes  place  much  slower  than  the  uptake,  interestingly,  has  been  recognized 
relatively  late  [99].  By  means  of  a  photometric  method,  this  iodine  flux  ([dim]  = 
mass/area/time)  has  been  ascertained  on  the  skin  after  application  of  Lugol’s  solution 
and  povidone-iodine  preparations  with  various  concentrations  of  free  iodine.  The 
most  important  findings  are  the  following:  the  intensity  of  the  iodine  flux  depends  on 
the  amount  of  iodine  absorbed  by  the  skin,  which  increases  with  the  concentration  of 
free  iodine  of  the  applied  solution  and  the  time  of  application.  Applying  LugoTs 
solution  (155. 6 ppm  free  iodine)  for  only  1  min,  the  flux  could  be  detected  for  approx¬ 
imately  24 h  (range:  50-0.005  pgl^cm^^-min  '),  whereas  after  application  of  a  povi¬ 
done-iodine  preparation  (lOppm  free  iodine)  for  3-5  min  the  flux  was  detectable  Vi 
to  Ih  (range:  0.2-0.005  rngl^cm^^-A  min).  The  latter  result  suggests  that  even  the 
application  of  iodophor  preparations  could  give  rise  to  a  persistent  (residual)  micro¬ 
bicidal  action.  This  has  been  proven  by  comparing  the  surviving  colony-forming 
units  (CPUs)  of  Micrococcus  luteus  (applied  to  the  skin  by  artificial  contamination) 
on  normal  skin  as  well  as  on  skin  that  has  been  treated  for  5  min  with  a  povidone- 
iodine  preparation  (lOppm  free  iodine)  immediately  before  contamination.  A 
logarithmic  reduction  rate  of  0.4  was  found,  a  result  that  confirmed  the  bactericidal 
action  of  the  iodine  diffusing  out  of  the  skin.  As  long  as  iodine  diffuses  out  of  the 
skin,  an  active  disinfection  from  the  inner  regions  of  the  skin  takes  place,  and  an 
effective  action  on  the  residential  pathogens  can  be  expected,  a  feature  that  seems  to 
be  unique  in  the  field  of  skin  disinfection. 

In  this  regard,  Hartmann  [100]  found  by  a  special  method  that  the  reduction  of  the 
total  resident  flora  was  significantly  higher  using  povidone-iodine  than  it  was  with 
isopropanol.  This  is  in  contrast  to  the  usual  findings,  mainly  in  testing  preparations 
for  surgical  hand  scrub,  which  exhibit  in  general  a  better  degerming  activity  of 
alcohols  [101]. 


20.8  RANGE  OF  ACTION 

Iodine  is  an  excellent  and  prompt  effective  microbicide  with  a  broad  range  of 
action  that  includes  almost  all  of  the  important  health-related  microorganisms, 
such  as  enteric  bacteria,  enteric  viruses,  bacterial  viruses,  and  protozoan  cysts 
[102].  Mycobacteria  and  the  spores  of  bacilli  and  Clostridia  can  also  be  killed  by 
iodine  [103].  Furthermore,  iodine  also  exhibits  a  fungicidal  and  trichomonacidal 
activity  [12].  As  is  expected,  varying  amounts  of  iodine  are  necessary  to  achieve 
complete  disinfection  of  the  different  classes  of  organisms.  Within  the  same  class, 
however,  the  published  data  on  the  disinfecting  effect  of  iodine  correspond  only  to 
a  small  extent.  In  particular,  the  published  killing  times  of  spores  [103]  and  viruses 
[12]  are  widely  disparate.  One  reason  for  this  might  be  the  nonuniform  sensitivity 
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of  microorganisms  to  iodine,  which  applies  not  only  to  the  type  of  organism  but 
also  to  the  growth  conditions. 

Pyle  and  McFeters  [104]  demonstrated  that  bacterial  isolates  (predominantly 
Pseudomonas  sp.)  from  water  systems  disinfected  by  iodine  showed  differences 
(which  did  not  always  have  the  same  sign,  however)  of  up  to  4  logs  decrease  in  CPUs 
after  contact  with  iodine  (Imgl ',  pH  7,  Imin)  depending  on  whether  they  were 
grown  in  brain  heart  infusion  or  after  cultivation  in  phosphate  buffer.  A  similar  result 
was  attained  with  Legionella  pneumophila,  which  also  showed  a  differing  suscepti¬ 
bility  to  iodine  with  cultures  grown  in  well  water,  on  rich  agar  media,  or  attached  to 
stainless  steel  (biofilm).  Water  cultures  of  legionellae  associated  with  stainless-steel 
surfaces  were  135  times  more  resistant  to  iodination  than  were  unattached  legionel¬ 
lae,  and  they  were  210,000  times  more  resistant  to  iodination  than  were  agar-grown 
cultures  [105].  Both  studies  indicate  that  growth  conditions  can  dramatically  affect 
the  susceptibility  to  iodine  (and  other  disinfectants)  and  must  be  considered  when 
evaluating  the  efficacy  of  a  disinfecting  agent. 

As  mentioned  by  Hoehn  [101],  comparison  of  previously  published  references 
concerning  effectiveness  in  disinfection  processes  for  different  microorganisms  are 
difficult  because  of  the  myriad  different  environmental  conditions  under  which 
experiments  are  conducted  (e.g.,  pH  value,  temperature,  concentration  and  type  of 
iodine  preparation,  time  of  exposure  to  the  disinfectant,  and  amount  and  type  of  dis¬ 
solved  organic  and  inorganic  substances).  Another  problem  is  the  fact  that,  in  gen¬ 
eral,  most  of  these  conditions  are  not  described  in  detail,  and  an  exact  comparison  of 
the  germicidal  effectiveness  of  iodine  against  different  organisms,  as  well  as  a 
comparison  with  the  other  halogens,  is  therefore  practically  impossible.  In  spite  of 
these  difficulties,  some  authors  have  tried  to  summarize  the  disinfecting  properties  of 
iodine  and  the  other  halogens  by  reviewing  the  literature  and  analyzing  the  existing 
data.  The  most  important  conclusions  are  as  follows: 

•  A  standard  destruction  (i.e.,  a  99.999%  kill  in  10  min  at  25°C)  of  enteric  bacteria, 
amoebic  cysts,  and  enteric  viruses  requires  I^  residuals  of  0.2,  3.5,  and  14.6ppm, 
respectively  [33]. 

•  On  a  weight  basis,  iodine  can  inactivate  viruses  more  completely  over  a  wide 
range  of  water  quality  than  other  halogens  [31]. 

•  In  the  presence  of  organic  and  inorganic  nitrogenous  substances,  iodine  is  the 
cysticide  of  choice  because  it  does  not  produce  side  reactions  that  interfere  with 
its  disinfecting  properties  [31]. 

•  Iodine  requires  the  smallest  dosage  (in  mg  per  liter)  compared  to  chlorine  or 
bromine  to  “break  any  water”  to  provide  a  free  residual  [31]. 

•  Ij  is  two  to  3  times  as  cysticidal  and  6  times  as  sporocidal  as  HOI,  whereas  HOI 
is  at  least  40  times  as  virucidal  as  I^.  This  behavior  is  explained  on  the  one  hand 
by  the  higher  diffusibility  of  molecular  iodine  through  the  cell  walls  of  cysts  and 
spores  and  on  the  other  hand  by  the  higher  oxidizing  power  of  HOI  [33]. 


TABLE  20.2  Practical  application  of  iodine  as  a  disinfectant:  concentration,  exposure  time,  disinfective  result 
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7%  tincture  —  15  s  “Will  kill  90%  of  the  bacteria”  [113] 

1%  aqueous  1 2  solution  Skin  of  hands  20min  “Inactivation  of  rhinovirus”  [114] 

2%  aqueous  Ij  solution  Skin  of  hands  3  min  “Inactivation  of  rhinovirus”  [114] 
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Annotation;  Based  on  actual  understanding,  HOI  has  no  importance  at  conditions 
of  disinfection  in  practice  [18]. 

•  For  some  microorganisms,  iodine  resistance  also  has  been  ascertained  (e.g., 
Pseudomonas  alcaligenes  and  Alcaligenes  faecalis),  which  can  account  for  the 
bulk  of  the  microbial  flora  in  iodinated  swimming  pools  [106].  Other  studies, 
however,  show  that  iodine  does  not  induce  resistance  in  isolates  of  Pseudomonas, 
Klebsiella,  Enterobacteria,  Escherichia  coli,  and  other  species  [107,  108]. 

•  Because  disinfection  is  a  chemical  reaction,  the  influence  of  temperature  on 
reaction  speed — as  a  rule  of  thumb  lowering  the  temperature  about  10°C  halves 
the  speed — must  be  considered  for  microbicidal  events  in  such  a  way  that  either 
the  contact  time  or  the  concentration  of  the  disinfectant  have  to  be  increased  if 
cold  water  has  to  be  treated.  The  lack  of  efficiency  at  low  temperatures  was 
demonstrated  by  Regunathan  and  Beauman  [84],  who  showed  that  some  iodine 
preparations  designated  to  purify  canteen  water  worked  well  against  Giardia  at 
20°C  but  not  at  3°C  if  used  according  to  the  instructions. 

•  With  regard  to  culture  conditions,  iodine  (1500x)  exhibits  greater  difference  in 
CMxf  values  (concentration  in  molarity  multiplied  by  time  in  minutes  to  achieve 
99%  decrease  in  viability)  than  chlorine  (68x)  against  water-cultured  and  agar- 
grown  Legionellae.  Iodine  was  50  times  more  effective  than  chlorine  when  used 
with  agar-grown  cultures  but  was  only  twice  as  effective  when  tested  against 
water-grown  Legionellae  cultures  [104]. 

A  survey  of  concentration,  exposure  time,  and  disinfective  results  in  practical 
applications  of  iodine  is  given  in  Table  20.2. 
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Department  of  Chemistry,  Johns  Hopkins  University,  Baltimore,  MD,  USA 


21.1  INTRODUCTION 

Iodide  is  a  micronutrient  required  for  humans  and  other  mammals  solely  to  produce 
thyroxine  (T4)  and  triiodothyronine  (T3)  (Fig.  21.1).  These  amino  acids  are  col¬ 
lectively  described  as  thyroid  hormones  (THs)  based  on  their  origins  in  the  thyroid. 
T4  distribution  through  the  circulatory  system  is  widespread  but  requires  carrier 
proteins  such  as  thyroxine-binding  globulin,  transthyretin,  and  albumin  to  over¬ 
come  its  poor  solubility  [1].  THs  are  essential  during  early  development  and 
throughout  life.  Iodide  deficiency,  insufficient  thyroid  function,  or  poor  response 
to  THs  in  young  children  can  lead  to  physical  and  mental  impairment  that  in  its 
severest  form  causes  cretinism  [2,  3].  THs  additionally  affect  the  basal  rate  of 
metabolism,  heart  rate,  and  other  basic  processes  throughout  the  body  to  maintain 
a  healthy  homeostasis. 


21.2  THYROID  HORMONE  BIOSYNTHESIS 

The  relative  simplicity  of  T4  and  T3  belies  their  complex  and  energy  intense 
formation.  First,  iodide  must  be  selectively  concentrated  in  the  thyroid  by  transport 
from  the  circulatory  system  into  follicular  cells  of  the  thyroid  by  means  of  a  sodium 
iodide  symporter  (Fig.  21.1)  [4].  Iodide  is  then  passed  into  the  thyroid  colloid  where 
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it  is  oxidized  by  thyroid  peroxidase  (TPO)  and  hydrogen  peroxide  for  iodination  of 
tyrosyl  residues  on  the  surface  of  thyroglobulin  (Tg),  a  dimeric  protein  with  identical 
subunits  of  high  molecular  weight  (ca.  330,000  Da)  [5].  Further  oxidation  of  thyro¬ 
globulin  by  TPO  and  hydrogen  peroxide  couples  adjacent  iodinated  tyrosyl  residues 
together  to  form  the  ether-containing  thyronine  core.  A  dehydroalanine  residue  was 
long  considered  to  be  the  remaining  product  of  this  coupling  although  a  more  recent 
study  suggests  formation  of  an  aminomalonic  semialdehyde  residue  [6].  Before  the 
hormones  can  be  released  into  circulation,  the  modified  thyroglobulin  must  reenter 
follicular  cells  by  endocytosis  and  undergo  extensive  proteolysis.  Although  each 
thyroglobulin  polypeptide  contains  over  100  tyrosine  residues,  only  about  one  of 
these  is  converted  to  T4.  T3  is  formed  even  less  frequently  [7].  The  majority  of  iodin¬ 
ation  produces  two  biologically  inactive  products:  mono-  and  diiodotyrosine  (MIT 
and  DIT,  respectively).  If  these  by-products  persist,  valuable  iodide  equivalents  can 
be  lost.  To  prevent  this,  the  enzyme  iodotyrosine  deiodinase  (lYD)  acts  in  the  thyroid 
to  recycle  the  iodide  by  reductive  deiodination  of  MIT  and  DIT  [8].  The  importance 
of  dietary  iodide  and  the  consequences  of  its  deficiency  is  discussed  in  more  detail  in 
the  following  section  (Chapter  22). 


THYROID  HORMONE  METABOLISM 


413 


21.3  THYROID  HORMONE  METABOLISM 

The  tetraiodinated  T4  is  considered  a  prohormone  and  exhibits  only  about  10%  of  the 
cellular  activity  expressed  by  its  triiodinated  analog  T3.  Thus,  TH  response  can 
be  independently  controlled  within  each  peripheral  target  through  selective  deiodin- 
ation.  This  and  equivalent  transformations  are  catalyzed  by  the  enzyme  iodothyronine 
deiodinase.  Despite  the  similarities  between  the  reactions  promoted  by  this  deiodinase 
and  lYD,  their  structures  and  catalytic  strategies  differ  considerably.  lYD  is  a  member 
of  the  nitro-FMN  reductase  structural  superfamily  and  relies  on  an  active  site  flavin 
mononucleotide  for  catalysis  [8,  9].  Its  physiological  substrates  are  MIT  and  DIT, 
but  it  also  supports  reductive  dehalogenation  of  the  equivalent  bromo-  and  chloro- 
tyrosine  [10].  Fluorotyrosine  remains  inert  but  still  binds  to  lYD  with  relatively 
high  affinity.  Its  is  only  one  order  of  magnitude  higher  than  those  of  the  other 
halogenated  tyrosines. 

Three  isozymes  of  iodothyronine  deiodinase  (Dl,  D2,  and  D3)  are  variably 
expressed  in  different  organs,  but  all  belong  to  the  thioredoxin  superfamily,  and  all 
contain  an  active  site  selenocysteine  that  is  essential  for  catalysis  [11].  The  sub¬ 
strate  preference  and  selectivity  of  deiodination  differ  among  the  deiodinases  [12, 
13].  The  isozyme  Dl  catalyzes  deiodination  of  both  rings  to  enhance  TH  activity 
by  converting  T4  to  T3  or  to  suppress  activity  by  forming  the  inactive  isomer  rT3 
(Fig.  21.2).  This  isozyme  additionally  deiodinates  a  variety  of  further  metabolites 
of  THs.  In  contrast,  the  isozyme  D2  is  primarily  considered  an  activator  and  pre¬ 
dominantly  converts  T4  to  T3.  Isozyme  D3  acts  as  its  complement  by  promoting 
deiodination  of  T4  and  T3  to  the  inactive  derivatives  rT3  and  T2  (Fig.  21.2). 
Peripheral  organs  control  their  response  to  circulating  THs  by  differentially 
expressing  these  isozymes.  For  example,  Dl  and  D2  are  both  expressed  in  the  thy¬ 
roid  and  other  tissues,  whereas  D3  is  primarily  expressed  in  the  skin,  placenta,  and 
central  nervous  system.  The  presence  of  Dl  and  D2  in  the  thyroid  suggests  that  the 
native  ratio  of  T4/T3  secreted  from  the  thyroid  is  not  based  solely  on  their  levels 
derived  directly  from  thyroglobulin  oxidation.  Serum  contains  an  average  ratio  of 
T4/T3  at  about  16  for  normal  individuals,  but  this  ratio  decreases  to  about  13  for 


Thyroid 


metabolism  3,3'-Diiodothyronine  (T2) 


3,5,3'-Triiodothyronine  (rT3) 


FIGURE  21.2  Deiodination  of  thyroid  hormones. 
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patients  suffering  from  hypothyroidism  and  increases  to  about  20  for  patients 
suffering  from  hyperthyroidisms  [14].  Overall,  80%  of  the  circulating  T3  derives 
fromT4  [3]. 


21.4  THYROID  DISEASE 

Any  defects  that  affect  the  proper  concentration,  balance,  or  influence  of  THs  have 
the  potential  to  cause  thyroid  disease  and  goiter  (swelling  of  the  thyroid).  Reduced 
formation  of  THs  causes  hypothyroidism  and  most  commonly  results  from  either 
insufficient  dietary  iodide  or  an  autoimmune  response  to  TPO  or,  on  occasion,  thy- 
roglobulin  (Hashimoto’s  thyroiditis).  At  least  diet  can  be  amended  easily,  and  many 
countries  supplement  table  salt  with  either  sodium  or  potassium  iodate  to  prevent 
the  dietary  deficiency.  Congenital  defects  are  another  source  of  hypothyroidism. 
Common  symptoms  of  hypothyroidism  include  fluid  retention,  weight  gain, 
fatigue,  and  lethargy,  and  treatments  typically  rely  on  thyroid  replacement  therapy. 
In  contrast,  hyperthyroidism  is  the  result  of  excessive  THs  and  causes  a  variety  of 
complementary  symptoms  including  weight  loss,  hyperactivity,  anxiety,  and  trem¬ 
bling  muscles.  If  TH  production  cannot  be  controlled  by  antithyroid  drugs  such  as 
methimazole  or  propylthiouracil,  then  the  thyroid  is  often  destroyed  by  '^'1  radia¬ 
tion  or  removed  surgically.  This  then  similarly  requires  daily  thyroid  replacement 
therapy. 

The  molecular  basis  of  congenital  thyroid  disease  is  quite  diverse  since  numerous 
processes  contribute  to  thyroid  function.  Proper  levels  of  T3  cannot  be  maintained 
without  coordination  of  the  deiodinases  Dl,  D2,  and  D3.  Either  mutation  or  mis- 
regulation  of  these  enzymes  can  result  in  hypo-  or  hyperthyroidism.  Defects  have 
also  been  identified  upstream  of  T3  formation  [15].  Synthesis  of  its  precursor  T4 
depends  on  the  precise  coordination  of  a  number  of  proteins  including  the  iodide 
sodium  symporter,  thyroglobulin,  the  peroxidase  TPO,  the  enzymes  responsible  for 
generating  hydrogen  peroxide,  and  the  iodide  salvage  enzyme  lYD  (Fig.  21.1). 
Diminished  activity  of  any  one  of  these  has  the  potential  to  seriously  disrupt  thyroid 
function.  Advances  in  DNA  sequencing  have  provided  a  variety  of  details  on  the 
genetic  basis  of  thyroid  disease  and  can  often  pinpoint  the  exact  defect.  Recently, 
mutations  affecting  lYD  activity  were  identified  in  a  series  of  patients  with  decreased 
ability  to  release  iodide  from  MIT  and  DIT  [16,  17].  The  mutant  proteins  were  addi¬ 
tionally  expressed  in  vitro  and  characterized  chemically  and  physically  to  provide 
insights  into  their  physiological  consequences.  Their  properties  were  further  ratio¬ 
nalized  once  crystal  structures  for  lYD  and  its  complexes  with  MIT  and  DIT  were 
solved  [9,  18]. 

Mutations  affecting  the  protein  machinery  responsible  for  TH  synthesis  and 
degradation  are  not  the  only  causes  of  thyroid  disease.  Problems  can  also  arise 
from  misregulation  of  these  processes  caused  by  loss  of  sensitivity  to  thyroid  stim¬ 
ulating  hormone.  This  hormone  is  produced  by  the  pituitary,  which  in  turn  is  con¬ 
trolled  by  thyrotropin-releasing  hormone  from  the  hypothalamus  [19].  Alternatively, 
distribution  of  TH  can  be  compromised  by  defective  carrier  proteins  within  the 
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circulatory  system  since  over  99%  of  TH  in  plasma  is  protein  bound  [3].  Inability 
to  respond  to  physiological  concentrations  of  TH  represents  yet  another  cause  of 
thyroid  disease.  This  may  occur  if  cell  surface  receptors  for  TH  are  not  maintained 
at  the  necessary  levels  or  cannot  bind  its  ligand  with  sufficient  affinity.  Disorders 
can  additionally  result  from  defects  in  the  intracellular  signal  transduction  pathway 
or  the  nuclear  receptors  that  affect  transcription  of  numerous  genes  [20].  Finally, 
all  the  systems  describe  earlier  are  subject  to  disruption  by  exposure  to  certain 
xenobiotics  [21]. 


21.5  HORMONE  REPLACEMENT  THERAPY 

Patients  suffering  from  hypothyroidism  due  to  low  activity  of  the  thyroid  typically 
respond  very  well  to  TH  supplements  administered  on  a  daily  basis.  TH  is  also  used 
to  suppress  thyroid  stimulation  when  treating  thyroid  cancer  [3].  Most  commonly, 
the  sodium  salt  of  the  natural  L-isomer  of  T4  (levothyroxine)  is  prescribed  and  sold 
by  various  manufacturers  under  names  such  as  Synthroid®,  Levothroid®,  Levo-T®, 
Unithroid®,  and  others.  Previously,  thyroid  extracts  (mainly  porcine)  were  used  for 
replacement  therapy,  but  the  ratio  of  T4  and  T3  was  often  variable  and,  depending  on 
the  source,  not  equivalent  to  that  maintained  in  humans.  Benefits  of  combining 
synthetic  T4  and  T3  have  been  debated  in  the  literature  and  public  forums,  but  recent 
studies  indicate  that  such  therapy  offers  no  advantages  over  supplements  of  T4  alone 
[22].  T4  is  readily  bound  to  its  plasma  carrier  proteins  and  has  a  half-life  of  about  6-8 
days  although  this  is  shorter  in  hyperthyroidism  and  longer  in  hypothyroidism  [3]. 
T3  has  a  weaker  affinity  for  these  same  binding  proteins  and  is  much  more  quickly 
metabolized.  Its  half-life  is  only  about  1  day.  TH  is  subject  to  conjugation  of  its  phe¬ 
nolic  oxygen  with  either  sulfate  or  glucuronate  in  addition  to  the  deiodination 
described  earlier.  Oxidative  decarboxylation  and  deamination  in  vivo  also  generate 
tetra-  and  triiodothyroacetate  (Fig.  21.3). 


21.6  SYNTHETIC  PREPARATION  OF  T4 

A  short  review  on  the  history  and  synthesis  of  T4  was  recently  published  and  pro¬ 
vides  a  concise  synopsis  of  the  literature  [23].  Of  course,  many  preparations  and 
formulations  of  commercial  levothyroxine  are  likely  proprietary  and  not  available  to 
the  public.  Certainly,  formulation  is  very  important  for  a  compound  with  such  poor 
solubility  as  T4  in  water  at  neutral  pH.  T4  was  originally  synthesized  in  its  racemic 


R  =  SO3  ,  glucuronate  X=  I,  H 


FIGURE  21.3  Metabolism  of  TH  by  processes  other  than  deiodination. 
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form  to  confirm  the  structure  of  the  iodine-containing  hormone  isolated  from  thy¬ 
roids  [24].  Later,  L-tyrosine  was  used  as  a  starting  material  to  produce  the  natural 
L-T4  [25].  This  began  with  nitration  of  L-tyrosine  followed  by  a  coupling  with 
4-methoxyphenol  (Fig.  21.4).  Reduction  of  the  nitro  groups  allowed  for  iodination  of 
the  tyrosine  ring  through  the  Sandemeyer  reaction.  After  demethylation  of  the  phe¬ 
nolic  oxygen,  the  two  remaining  iodines  were  added  by  standard  electrophilic  aro¬ 
matic  substitution.  Final  deprotection  of  the  a-amino  acid  yielded  the  desired  L-T4 
in  about  25%. 

Recently,  3,5-diiodo-L-tyrosine  has  been  coupled  in  yields  as  high  as  94%  with  a 
diiodophenol  derivative  designed  to  generate  L-T4  directly  without  need  of  protect¬ 
ing  group  chemistry  (Fig.  21.5)  [26].  A  copper-catalyzed  coupling  of  4-methoxyl- 
phenylboronic  acid  to  a  protected  L-tyrosine  has  also  been  used  to  generate  the  same 
diiodo  derivative  used  in  Figure  21.4  (Fig.  21.6)  [27].  Both  chemical  and  optical 
purity  of  L-T4  along  with  shelf-life  stability  are  crucial  for  its  pharmaceutical  use. 


FIGURE  21.4  The  first  synthetic  protocol  for  generating  L-T4. 


FIGURE  21.5  Synthesis  of  L-T4  without  need  of  protecting  groups. 


FIGURE  21.6  Formation  of  the  phenyl  ether  linkage  of  L-T4  by  coupling  with  phenylbo- 
ronic  acid. 
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Calibrants  have  been  developed  for  certifying  the  purity  of  L-T4  and  L-T3  to  greater 
than  98  and  97%,  respectively,  after  considering  inorganic,  organic,  and  solvent  con¬ 
taminants  [28].  Most  recently,  ultrahigh-performance  liquid  chromatography  in 
conjunction  with  high-resolution  mass  spectrometry  have  identified  71  different 
impurities  in  commercial  preparations  of  L-T4  including  47  that  had  not  been 
described  previously  including  dimeric  materials  such  as  those  illustrated  in 
Figure  21.7  [29]. 

Numerous  pharmaceutical  companies  and  research  laboratories  have  synthesized 
and  characterized  a  range  of  T4  and  T3  analogues  with  the  hope  of  developing 
alternative  therapies  and  understanding  the  unique  presence  of  iodine  in  the  natural 
hormones.  Early  studies  focused  on  alkyl  and  halo  derivatives  and  even  the  ether 
oxygen  was  replaced  by  a  methylene  group.  For  example,  substitution  of  methyl  for 
iodo  dramatically  reduced  the  ability  of  the  resulting  compounds  to  reverse  thioura- 
cil-induced  goiter  in  rats  (Fig.  21.8)  [30].  Flowever,  comparisons  between  L-T4  and 
L-Me^  are  not  appropriate  now  that  L-T4  is  known  to  act  as  a  prohormone  and  convert 


FIGURE  21.7  Dimeric  derivatives  of  L-T4  are  just  some  of  the  many  impurities  detected  in 
commercial  preparations  of  L-T4. 
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readily  to  the  active  L-T3.  Still,  methyl  substitution  does  not  sustain  high  activity 
under  any  circumstances  as  illustrated  by  L-Me^,  an  analogue  of  T3.  The  enhanced 
activity  of  DL-MB-T3  may  derive  from  its  ability  to  mimic  the  greater  activity  of  T3 
over  that  of  T4.  This  derivative  may  also  be  resistant  to  degradation  by  the  deiodinase 
D3  responsible  for  deactivation  of  TH.  Another  study  evaluated  47  analogues  of  T3 
that  differed  only  in  their  substituent  at  the  3'  position  (R,  Fig.  21.8)  [31].  Biological 
activity  of  these  analogues  ranged  over  four  orders  of  magnitude  and  demonstrated 
the  importance  of  hydrophobicity  but  not  volume  at  this  position.  These  and  related 
investigations  affirm  the  importance,  but  not  requirement,  of  the  iodo  group  for 
biological  activity.  Speculation  on  the  role  of  the  iodo  substituents  continues  today 
although  one  special  contribution  has  been  identified  from  the  crystal  structure  of  the 
complex  formed  between  transthyretin  and  3,3'-diiodothyronine  [32].  A  direct  inter¬ 
action  between  the  side  chain  hydroxyl  of  Seri  17  and  an  iodo  group  is  evident  and 
suggests  formation  of  a  halogen  bond  with  similar  stability  as  that  of  a  hydrogen 
bond  [33].  Such  interactions  are  not  universal  for  recognition  of  TH  and  its  deriva¬ 
tives,  however.  No  halogen  bonding  is  apparent  in  the  cocrystals  of  lYD  containing 
its  oxidized  flavin  cofactor  and  either  MIT  or  DIT  [9,  18]. 

T3  analogues  can  additionally  be  tailored  to  compensate  for  specific  mutations 
affecting  response  to  TH.  This  offers  a  more  elegant  although  perhaps  less  practical 
strategy  for  overcoming  the  low  affinity  of  a  TH  receptor  as  compared  to  simply 
increasing  TH  concentration  through  supplementation.  This  concept  was  first  reduced 
to  practice  when  a  T3  analogue  was  developed  to  bind  preferentially  to  a  TH  nuclear 
receptor  containing  a  His  to  Ala  mutation.  Such  receptors  were  unresponsive  to  TH 
but  responsive  to  an  analogue  illustrated  in  Fig.  21.9a  [34].  In  a  complementary 
strategy,  other  analogues  have  been  designed  as  selective  inhibitors  of  the  nuclear 
receptor,  and  the  compound  illustrated  in  Figure  21 .9b  was  the  first  of  its  type  to  sup¬ 
press  the  effect  of  T3  in  cell  culture  and  whole  animals  [35].  Synthetic  derivatives  of 
TH  may  therefore  serve  many  strategies  well  beyond  hormone  replacement  therapy 
for  alleviating  thyroid  disease. 


FIGURE  21.9  (a)  A  T3  analogue  with  high  affinity  for  a  mutant  TH  nuclear  receptor  and 

fb)  an  alternative  analogue  for  selective  suppression  of  signaling  by  a  nuclear  receptor  subtype. 
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ECOLOGY  AND  DIETARY  SOURCES,  ABSORPTION,  METABOLISM 
AND  EXCRETION 

Iodine  (as  iodide)  is  widely  but  unevenly  distributed  in  the  earth’s  environment.  In 
many  regions,  leaching  from  glaciation,  flooding,  and  erosion  have  depleted  surface 
soils  of  iodide,  and  most  iodide  is  found  in  the  oceans.  The  concentration  of  iodide 
in  sea  water  is  ^SOpgl '.  Iodide  ions  in  seawater  are  oxidized  to  elemental  iodine, 
which  volatilizes  into  the  atmosphere  and  is  returned  to  the  soil  hy  rain,  completing 
the  cycle  [1].  However,  iodine  cycling  in  many  regions  is  slow  and  incomplete, 
leaving  soils  and  drinking  water  iodine  depleted.  Crops  grown  in  these  soils  are  low 
in  iodine,  and  humans  and  animals  consuming  food  grown  in  these  soils  become 
iodine  deficient.  Iodine-deficient  soils  are  common  in  mountainous  areas  and  areas 
of  frequent  flooding.  Iodine  deficiency  in  populations  residing  in  these  areas  persist 
until  iodine  enters  the  food  chain  through  addition  of  iodine  to  foods  (e.g.,  iodization 
of  salt)  or  dietary  diversification  introduces  foods  produced  outside  the  iodine- 
deficient  area.  The  native  iodine  content  of  most  foods  and  beverages  is  low.  In 
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general,  commonly  consumed  foods  provide  3-80  |ig  per  serving  [2,  3].  Foods  of 
marine  origin  have  higher  iodine  content  because  marine  plants  and  animals 
concentrate  iodine  from  seawater.  Iodine  in  organic  form  occurs  in  high  amounts  in 
certain  seaweeds.  Major  dietary  sources  of  iodine  are  iodized  salt,  bread  (made  with 
iodized  salt),  marine  fish,  and  milk  and  milk  products  [2,  3].  lodophors  used  for 
cleaning  milk  cans  and  teats  can  increase  the  native  iodine  content  of  dairy  products. 
Iodine  content  in  foods  is  also  influenced  by  iodine-containing  compounds  used  in 
irrigation,  fertilizers,  and  livestock  feed.  Iodine  is  ingested  in  several  chemical 
forms.  Iodide  is  rapidly  and  nearly  completely  absorbed  in  the  stomach  and 
duodenum.  lodate,  widely  used  in  salt  iodization,  is  reduced  in  the  gut  and  absorbed 
as  iodide.  In  healthy  adults,  the  absorption  of  iodide  is  greater  than  90%  [4].  Iodine 
deficiency  is  the  main  cause  of  endemic  goiter  (see  later),  but  other  dietary  sub¬ 
stances  that  interfere  with  thyroid  metabolism  can  aggravate  the  effect,  and  they  are 
termed  goitrogens  [5].  They  are  found  in  cassava,  millet,  sweet  potato,  beans,  and 
crucifera  vegetables  (e.g.,  cabbage).  Most  of  these  substances  do  not  have  a  major 
clinical  effect  unless  there  is  coexisting  iodine  deficiency.  Deficiencies  of  selenium, 
iron,  and  vitamin  A  can  also  exacerbate  the  effects  of  iodine  deficiency  [6].  The 
body  of  a  healthy  adult  contains  15-20  mg  of  iodine,  of  which  70-80%  is  in  the  thy¬ 
roid.  In  chronic  iodine  deficiency,  the  iodine  content  of  the  thyroid  may  fall  to  less 
than  20  pg.  In  iodine- sufficient  areas,  the  adult  thyroid  traps  50-60  pg  of  iodine  per 
day  to  balance  losses  and  maintain  thyroid  hormone  synthesis.  A  sodium  iodide 
symporter  (NIS)  in  the  basolateral  membrane  transfers  iodide  into  the  thyroid  at  a 
concentration  gradient  20-50  times  that  of  plasma  [7].  Iodine  comprises  65  and 
59%  of  the  weights  of  T4  and  T3,  respectively.  In  target  tissues,  such  as  liver,  kidney, 
heart,  muscle,  pituitary,  and  the  developing  brain,  T4  is  deiodinated  to  T3.  T3  is  the 
main  physiologically  active  form  of  thyroid  hormone.  The  thyroid  hormone 
regulates  a  variety  of  physiologic  processes,  including  reproductive  function, 
growth,  and  development.  More  than  90%  of  ingested  iodine  is  ultimately  excreted 
in  the  urine,  with  only  small  amounts  appearing  in  the  feces. 


22.1  EFFECTS  OF  DEFICIENCY 

Iodine  deficiency  has  multiple  adverse  effects  on  growth  and  development  in  animals 
and  humans.  These  are  collectively  termed  iodine  deficiency  disorders  (IDD) 
(Table  22.1)  and  are  one  of  the  most  important  and  common  human  diseases  [8]. 
They  result  from  inadequate  thyroid  hormone  production  due  to  lack  of  sufficient 
iodine.  Thyroid  enlargement  (goiter)  is  the  classic  sign  of  iodine  deficiency 
(Figure  22.1).  It  is  a  physiologic  adaptation  to  chronic  iodine  deficiency.  As  iodine 
intake  falls,  secretion  of  TSH  increases  in  an  effort  to  maximize  uptake  of  available 
iodine,  and  TSH  stimulates  thyroid  hypertrophy  and  hyperplasia.  Initially,  goiters  are 
characterized  by  diffuse,  homogeneous  enlargement,  but  over  time,  thyroid  follicles 
may  fuse  and  become  encapsulated,  a  condition  termed  nodular  goiter.  Large  goiters 
may  be  cosmetically  unattractive,  can  obstruct  the  trachea  and  esophagus,  and  may 
damage  the  recurrent  laryngeal  nerves  and  cause  hoarseness.  Although  goiter  is  the 
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most  visible  effect  of  iodine  deficiency,  the  most  serious  adverse  effect  is  damage  to 
reproduction.  Severe  iodine  deficiency  during  pregnancy  is  associated  with  a  greater 
incidence  of  stillbirths,  abortions,  and  congenital  abnormalities.  Iodine  prophylaxis 
with  iodized  oil  in  pregnant  women  in  areas  of  severe  deficiency  reduces  fetal  and 
perinatal  mortality  [9].  The  fetal  brain  is  particularly  vulnerable  to  iodine  deficiency. 
Normal  levels  of  thyroid  hormones  are  required  for  neuronal  migration  and  myelina- 
tion  of  the  central  nervous  system  [10].  The  most  severe  form  of  neurological  damage 
from  fetal  hypothyroidism  is  termed  cretinism  (Figure  22.2).  It  is  characterized  hy 
gross  mental  retardation  along  with  varying  degrees  of  short  stature,  deaf  mutism, 
and  spasticity  [11].  Two  distinct  types  have  been  described.  The  more  common, 
neurologic  cretinism  has  specific  neurologic  deficits  that  include  spastic  quadriplegia 
with  sparing  of  the  distal  extremities.  The  myxedematous  form  is  seen  most  frequently 
in  Central  Africa  and  has  the  predominant  finding  of  profound  hypothyroidism,  with 
thyroid  atrophy  and  fibrosis.  Up  to  10%  of  populations  with  severe  iodine  deficiency 
may  he  cretinous.  Although  new  cases  of  cretinism  are  now  rare,  iodine  deficiency 
still  affects  many  countries  (see  later)  and  can  impair  cognitive  development.  A  meta¬ 
analysis  of  18  studies  concluded  that  moderate  to  severe  iodine  deficiency  reduces 
mean  IQ  scores  hy  13.5  points  [12].  Iodine  deficiency  is  thus  considered  one  of  the 
most  common  causes  of  preventable  mental  retardation  worldwide.  Even  in  areas 
of  mild  to  moderate  iodine  deficiency,  cognitive  impairment  in  school-age  children 
is  at  least  partially  reversible  by  administration  of  iodine  [13,  14].  Overall,  iodine 
deficiency  produces  subtle  but  widespread  adverse  effects  in  a  population,  including 
decreased  educability,  apathy,  and  reduced  work  productivity,  resulting  in  impaired 
social  and  economic  development. 


TABLE  22.1  Iodine  deficiency  disorders,  by  age  gronp 


Age  groups 

Health  consequences  of  iodine  deficiency 

All  ages 

Goiter 

Increased  susceptibility  of  the  thyroid  gland 
to  nuclear  radiation 

Fetus 

Abortion 

Stillbirth 

Congenital  anomalies 

Perinatal  mortality 

Neonate 

Infant  mortality 

Endemic  cretinism 

Child  and  adolescent 

Impaired  mental  function 

Delayed  physical  development 

Adults 

Impaired  mental  function 

Reduced  work  productivity 

Toxic  nodular  goiter,  iodine-induced 
hyperthyroidism 

Hypothyroidism  in  moderate  to  severe  iodine 
deficiency 

FIGURE  22.1  Large  nodular  goiter  in  a  14-year-old  boy  in  an  area  of  severe  iodine 
deficiency  in  northern  Morocco. 


FIGURE  22.2  Neurological  cretinism.  This  photograph  of  a  9-year-old  girl  from  Western 
China  demonstrates  the  three  characteristic  features:  severe  mental  deficiency  together  with 
squint,  deaf  mutism,  and  motor  spasticity  of  the  arms  and  legs. 
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22.2  REQUIREMENTS  AND  PREVALENCE  OE  IODINE  DEEICIENCY 
WORLDWIDE 

The  U.S.  Food  and  Nutrition  Board  of  the  National  Academy  of  Sciences  has  set  an 
Adequate  Intake  (AI)  for  iodine  in  infancy  and  a  Recommended  Dietary  Allowance 
(RDA)  for  children,  adults,  and  pregnant  and  lactating  women  [4]  (Table  22.2).  The 
World  Health  Organization  (WHO)  has  established  recommended  nutrient  intakes 
for  iodine  [8]  (Table  22.2). 

Several  methods  are  available  for  assessment  of  iodine  nutrition  [11].  The  most 
commonly  used  are  measurement  of  thyroid  size  and  concentration  of  UI  [8]. 
Additional  indicators  include  newborn  TSH,  and  blood  concentrations  of  thyroglob- 
ulin,  thyroxine  (T4),  or  triiodothyronine  (T3).  UI  is  a  sensitive  indicator  of  recent 
iodine  intake  (days)  and  serum  thyroglobulin  shows  an  intermediate  response  (weeks 
to  months),  whereas  changes  in  the  goiter  rate  reflect  long-term  iodine  nutrition 
(months  to  years). 

Until  1990,  only  a  few  countries,  including  Switzerland,  some  of  the  Scandinavian 
countries,  Australia,  the  United  States,  and  Canada,  were  completely  iodine  sufficient. 
Since  then,  globally,  the  number  of  households  using  iodized  salt  has  risen  from  less 
than  20%  to  greater  than  70%,  dramatically  reducing  iodine  deficiency  [8].  This 
effort  has  been  achieved  by  a  coalition  of  international  organizations,  including  the 
WHO,  the  International  Council  for  the  Control  of  Iodine  Deficiency  Disorders 
(ICCIDD),  the  Global  Alliance  for  Improved  Nutrition  (GAIN),  the  Micronutrient 
Initiative,  and  the  United  Nations  Children’s  Fund  (UNICEF),  working  closely  with 
national  IDD  control  committees  and  the  salt  industry;  this  informal  partnership  was 
established  after  the  World  Summit  for  Children  in  1990. 

The  two  most  commonly  used  approaches  to  assessing  iodine  nutrition  on  the 
population  level  are  estimation  of  the  household  penetration  of  adequately  iodized 


TABLE  22.2  Recommendations  for  iodine  intake  (jigday"')  by  age  or  population 
group 


Age  or  population 
group 

U.S.  Institute  of 
Medicine  [4] 

Age  or  population 
group 

World  Health 
Organization  [8] 

EAR 

AI  or  RDA 

RNI 

Infants  0-12 

- 

110-130 

Children  0-5 

90 

months 

years 

Children  1-8  years 

65 

90 

Children  6-12 

120 

years 

Children  9-13 

73 

120 

years 

Adults  >14  years 

95 

150 

Adults  >12  years 

150 

Pregnancy 

160 

220 

Pregnancy 

250 

Lactation 

200 

290 

Lactation 

250 

AI,  Adequate  Intake;  EAR,  Estimated  Average  Requirement;  RDA,  Recommended  Daily  Allowance; 
RNI,  Recommended  Nutrient  Intake. 
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salt  (HHIS)  and  measurement  of  urinary  iodine  concentrations  (UICs)  [8].  UIC 
surveys  are  usually  done  in  school-age  children,  because  they  are  a  convenient 
population,  easy  to  reach  through  school-based  surveys  and  usually  representative 
of  the  general  population.  Therefore,  the  WHO  recommends  the  use  of  UICs  from 
6-  to  12-year-old  children  in  nationally  representative  surveys,  expressed  as  the 
median  in  |igl to  classify  a  population’s  iodine  status  [8]  (Table  22.3).  More  coun¬ 
tries  are  beginning  to  carry  out  studies  in  high-risk  population  groups,  that  is, 
women  of  reproductive  age,  pregnant  women,  and  younger  children;  however,  data 
is  limited  and  the  majority  of  countries  still  conduct  routine  iodine  monitoring  in 
children.  Nationally  representative  UIC  surveys  are  available  for  1 17  countries,  and 
for  33  countries,  subnational  surveys  are  available.  There  are  no  UIC  data  available 
for  43  countries,  but  the  majority  of  these  have  small  populations.  Available  UIC 
data  now  cover  97.4%  of  the  world’s  population  of  school  aged  children  (SAC)  (6 
to  12  year-olds).  Figure  22.3  shows  countries  classified  by  iodine  nutrition  according 
to  degree  of  public  health  importance  based  on  the  median  UIC.  Iodine  intake  is 
inadequate  in  32  countries,  adequate  in  71,  more  than  adequate  in  36,  and  excessive 
in  1 1.  Of  the  32  countries  with  iodine  deficiency,  9  are  classified  as  moderately  defi¬ 
cient,  23  as  mildly  deficient,  and  none  as  severely  deficient.  Based  on  the  current 
estimates,  the  iodine  intake  of  30.0%,  or  246.2  million  of  SAC  worldwide,  is  insuf¬ 
ficient  (Table  22.4).  Over  one-half  of  the  children  with  low  intakes  are  in  two 
regions:  78  million  children  in  Southeast  Asia  and  58  million  children  in  Africa.  The 
smallest  proportions  with  low  intakes  are  in  the  Americas  (13.7%)  and  the  Western 
Pacific  (19.8%),  while  the  greatest  proportions  of  children  with  inadequate  iodine 
intake  are  in  European  (43.9%)  and  the  African  (39.5%)  regions.  Inferring  from  the 
proportion  of  SAC  to  the  general  population,  1 .92  billion  people  globally  have  inad¬ 
equate  iodine  intakes.  Data  on  household  coverage  with  iodized  salt  is  available  for 
128  out  of  196  UNICEF  member  states,  most  of  which  are  low-income  countries. 
Out  of  128  countries  with  data,  37  countries  have  salt  iodization  coverage  that 
meets  the  international  goal  of  at  least  90%  of  households  consuming  adequately 
iodized  salt.  Fifty-two  countries  have  coverage  rates  of  between  50  and  89%,  and  39 
countries  have  coverage  rates  of  less  than  50%.  The  world  map  in  Figure  22.4  shows 
countries  classified  by  their  household  coverage  rates.  Overall,  approximately  70% 
of  households  worldwide  have  access  to  iodized  salt.  Those  with  the  greatest  access 
are  living  in  the  WHO  regions  of  the  Western  Pacific  and  the  Americas,  and  those 
with  the  least  access  are  residing  in  the  Eastern  Mediterranean  region. 


22.3  PROPHYLAXIS  AND  TREATMENT 

There  are  two  methods  commonly  used  to  correct  iodine  deficiency  in  a  population: 
iodized  oil  and  iodized  salt.  In  nearly  all  regions  affected  by  iodine  deficiency,  the  most 
effective  way  to  control  iodine  deficiency  is  through  salt  iodization  [11].  All  salt  for 
human  consumption,  including  salt  used  in  the  food  industry,  should  be  continuously 
iodized.  In  Switzerland,  previously  affected  by  endemic  goiter  and  cretinism,  a  moni¬ 
tored  national  program,  in  place  for  over  half  a  century,  has  effectively  eliminated 
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TABLE  22.3  Epidemiological  criteria  from  the  World  Health  Organization  for 
assessment  of  iodine  nutrition  in  a  population  based  on  median  or  range  of  urinary 
iodine  concentrations  [8] 


Iodine  intake 

Iodine  nutrition 

School-aged  children 
<20pgl-' 

Insufficient 

Severe  iodine  deficiency 

20-49  pgl-‘ 

Insufficient 

Moderate  iodine  deficiency 

50-99  pgl-‘ 

Insufficient 

Mild  iodine  deficiency 

100-199pgH 

Adequate 

Optimum 

200-299  pg  l-‘ 

More  than  adequate 

Risk  of  iodine-induced  hyperthyroidism 

>300  pgH 

Excessive 

in  susceptible  groups 

Risk  of  adverse  health  consequences 

Pregnant  women 
<150pgl-‘ 

Insufficient 

(iodine-induced  hyperthyroidism, 
autoimmune  thyroid  disease) 

1 50-249  pg  H 

Adequate 

250^99  pg  H 

More  than  adequate 

>500  pg  1“ 

Excessive 

Lactating  women’’ 
<100pgl-‘ 

Insufficient 

>100pgH 

Adequate 

Children  <2  years  of  age 

<100pgl-‘ 

Insufficient 

>100pgH 

Adequate 

“The  term  excessive  means  in  excess  of  the  amount  needed  to  prevent  and  control  iodine  deficiency. 

‘In  lactating  women,  the  numbers  for  median  urinary  iodine  are  lower  than  the  iodine  requirements, 
because  of  the  iodine  excreted  in  breast  milk. 


iodine  deficiency.  Iodine  can  be  added  to  salt  in  the  form  of  potassium  iodide  (KI)  or 
potassium  iodate  (KIOj).  Because  KIO3  has  higher  stability  in  the  presence  of  salt 
impurities,  humidity,  and  porous  packaging,  it  is  the  recommended  form  [8],  Iodine  is 
usually  added  at  a  level  of  20-40  mg  iodine  kg  '  salt,  depending  on  the  local  salt  intake. 
But  in  industrialized  countries,  because  about  90%  of  salt  consumption  is  from  pur¬ 
chased  processed  foods,  if  only  household  salt  is  iodized  it  will  not  supply  adequate 
iodine.  Thus,  it  is  critical  that  the  food  industry  use  iodized  salt.  The  current  push  to 
reduce  salt  consumption  to  prevent  chronic  diseases  and  the  policy  of  salt  iodization  to 
eliminate  iodine  deficiency  do  not  conflict:  iodization  methods  can  fortify  salt  to  pro¬ 
vide  recommended  iodine  intakes  even  if  per  capita  salt  intakes  are  reduced  to  less  than 
5  gday  k  Worldwide,  sustainability  of  iodized  salt  programs  has  become  a  major  focus. 
These  programs  are  fragile  and  require  a  long-term  commitment  from  national  govern¬ 
ments,  donors,  consumers,  and  the  salt  industry.  In  some  regions,  iodization  of  salt  may 
not  be  practical  for  control  of  iodine  deficiency,  at  least  in  the  short  term.  This  may 
occur  in  remote  areas  where  communications  are  poor  or  where  there  are  numerous 


FIGURE  22.3  By  country,  national  iodine  status  based  on  the  median  urinary  iodine  concentration  (data  from  http:// 

www.iccidd.org/). 
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TABLE  22.4  Number  of  countries,  proportion  of  population,  and  number  of 
individuals  with  insufilcient  iodine  intake  in  school-age  children  and  in  the  general 
population,  by  who  region,  2012 


Insufficient  iodine  intake  (urinary  iodine  concentration  <100  pg  1"') 


Children  6  to  12-year-olds  General  population 


WHO  region* 

Countries 

Proportion 

Total  n 

Proportion 

Total  n 

(«) 

(%) 

(millions) 

(%) 

(millions) 

Africa 

10 

39.5 

58.1 

40.1 

322.2 

Americas 

2 

13.7 

14.6 

13.7 

125.7 

Eastern 

Mediterranean 

4 

38.6 

30.7 

37.4 

199.2 

Europe 

11 

43.9 

30.5 

44.2 

393.1 

South-East  Asia 

0 

31.9 

78.4 

31.7 

565.3 

Western  Pacific 

5 

19.8 

33.9 

17.9 

319.4 

Global  total 

32 

29.8 

246.2 

28.7 

1924.9 

■Based  on  the  193  WHO  member  states  and  United  Nations  population  estimates  in  the  year  2010. 


very  small-scale  salt  producers.  In  these  areas,  other  options  for  correction  of  iodine 
deficiency  should  he  considered,  such  as  iodized  oil  [1 1].  Iodized  oil  is  a  long-lasting, 
“depot”  form  of  iodine  supplementation,  prepared  hy  esterification  of  the  unsaturated 
fatty  acids  in  seed  or  vegetable  oils,  and  addition  of  iodine  to  the  double  bonds.  It  can 
be  given  orally  or  by  intramuscular  injection.  The  intramuscular  route  has  a  longer 
duration  of  action  (up  to  2  years),  but  oral  administration  is  more  common  because  it  is 
simpler.  Iodized  oil  is  recommended  for  populations  with  moderate  to  severe  iodine 
deficiency  that  do  not  have  access  to  iodized  salt,  and  may  be  targeted  to  women  of 
childbearing  age,  pregnant  women,  and  children.  The  recommended  dose  is  400  mg 
iodine  year'  for  women  and  200  mg  iodine  year'  for  children  7-24  months  of  age  [8]. 
Iodine  can  also  be  given  as  KI  or  KIOj  as  drops  or  tablets,  and  iodine  supplements 
(~150pgday“')  are  often  recommended  for  pregnant  and  lactating  women  residing  in 
areas  of  mild  to  moderate  iodine  deficiency  [9]. 


SUMMARY 

Iodine  is  an  essential  component  of  hormones  produced  by  the  thyroid  gland.  Thyroid 
hormones,  and  therefore  iodine,  are  essential  for  mammalian  life.  Optimal  dietary 
iodine  intake  for  healthy  adults  is  1 50-250 pg day'.  In  regions  where  iodine  in  soils 
and  drinking  water  is  low,  humans  and  animals  may  become  iodine  deficient.  Iodine 
deficiency  has  multiple  adverse  effects  in  humans  due  to  inadequate  thyroid  hormone 
production  that  are  termed  the  iodine  deficiency  disorders  (IDD).  Iodine  deficiency 
during  pregnancy  and  infancy  may  impair  growth  and  neurodevelopment  of  the 
offspring  and  increase  infant  mortality.  Deficiency  during  childhood  reduces  somatic 
growth  and  cognitive  and  motor  function.  Assessment  methods  include  urinary  iodine 


FIGURE  22.4  Coverage  of  households  with  adequately  iodized  salt  (data  from  http://www.iccidd.org/). 
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concentration  (UIC),  goiter,  newborn  thyrotropin  (TSH),  and  blood  thyroglobulin.  In 
most  countries,  the  best  strategy  to  control  iodine  deficiency  in  populations  is  iodiza- 
tion  of  salt,  one  of  the  most  cost-effective  ways  to  contribute  to  economic  and  social 
development. 


REFERENCES 

[1]  Goldschmidt  VM.  Geochemistry.  Oxford:  Clarendon  Press;  1954.  xi.  p.  11-27. 

[2]  Pearce  EN,  Pino  S,  He  X,  Bazrafshan  HR,  Lee  SL.  Braverman  LE.  J  Sources  of  dietary 
iodine:  bread,  cows’  milk,  and  infant  formula  in  the  Boston  area.  Clin  Endocrinol  Metab 
2004;89  (7):342 1-3424. 

[3]  Haldimann  M,  Alt  A,  Blanc  A,  Blondeau  K.  Iodine  content  of  food  groups.  J  Eood 
Compos  Anal  2005;18  (6):461-471. 

[4]  Institute  of  Medicine  AoS.  Dietary  Reference  Intakes  for  Vitamin  A,  Vitamin  K,  Arsenic, 
Boron,  Chromium,  Copper,  Iodine,  Iron,  Manganese,  Molybdenum,  Nickel,  Silicon, 
Vanadium  and  Zinc.  Washington,  DC:  National  Academy  Press;  2001.  p  258-289. 

[5]  Gaitan  E.  Goitrogens  in  food  and  water.  Annu  Rev  Nutr  1990;10:21-39. 

[6]  Zimmermann  MB,  Kohrle  J.  The  impact  of  iron  and  selenium  deficiencies  on  iodine  and 
thyroid  metabolism:  biochemistry  and  relevance  to  public  health.  Thyroid  2002;  12 
(10):867-878. 

[7]  Eskandari  S,  Loo  DD,  Dai  G,  Levy  O,  Wright  EM,  Carrasco  N.  Thyroid  Na+ZI-  symporter. 
Mechanism,  stoichiometry,  and  specificity.  J  Biol  Chem  1997;272  (43):27230-27238. 

[8]  World  Health  Organization,  UNCsE,  International  Council  for  Control  of  Iodine 
Deficiency  Disorders.  Assessment  of  Iodine  Deficiency  Disorders  and  Monitoring  their 
Elimination:  A  Guide  for  Programme  Managers.  3rd  ed.  Geneva:  World  Health 
Organization;  2007. 

[9]  Zimmermann  MB.  Iodine  deficiency  in  pregnancy  and  the  effects  of  maternal  iodine 
supplementation  on  the  offspring:  a  review.  Am  J  Clin  Nutr  2009;89  (2):668S-672S. 

[10]  Auso  E,  Lavado-Autric  R,  Cuevas  E,  Del  Rey  EE,  Morreale  De  Escobar  G,  Berbel  P. 
Iodine  deficiency  in  pregnancy  and  the  effects  of  maternal  iodine  supplementation  on  the 
offspring:  a  review.  Endocrinology  2004;145  f9):4037-4047. 

[11]  Zimmermann  MB,  Jooste  PL,  Pandav  CS.  Iodine-deficiency  disorders.  Lancet  2008;372 
(9645):  125 1-1262. 

[12]  Bleichrodt  N,  Shrestha  RM,  West  CE,  Hautvast  JG,  van  de  Vijver  FJ,  Born  MR  The 
benefits  of  adequate  iodine  intake.  Nutr  Rev  1996;54  (4  Pt  2):S72-S78. 

[13]  Zimmermann  MB,  Connolly  K,  Bozo  M,  Bridson  J,  Rohner  F,  Grimci  L.  Iodine  supple¬ 
mentation  improves  cognition  in  iodine-deficient  schoolchildren  in  Albania:  a 
randomized,  controlled,  double-blind  study.  Am  J  Clin  Nutr  2006;83  (1):  108-1 14. 

[14]  Gordon  RC,  Rose  MC,  Skeaff  SA,  Gray  AR,  Morgan  KM,  Ruffman  T.  Iodine  supple¬ 
mentation  improves  cognition  in  mildly  iodine-deficient  children.  Am  J  Clin  Nutr 
2009;90  (5):1264-127L 


23 


PHARMACEUTICALS:  THERAPEUTIC 
AGENTS 


Tatsuo  Kaiho 

Nihon  Tennen  Gas  Co.,  Ltd.,  Chiba,  Japan 


23.1  INTRODUCTION 

Halogens  have  played  an  important  role  in  the  development  of  pharmaceuticals  for 
several  decades.  The  effectiveness  of  many  complex  molecules  is  significantly 
enhanced  by  the  presence  of  a  halogen  atom.  A  significant  number  of  drugs  and  drug 
candidates  in  clinical  development  have  halogen  substituents.  Insertion  of  halogen 
atoms  on  lead  compounds  was  predominantly  performed  to  exploit  their  steric 
effects,  through  the  ability  of  these  bulk  atoms  to  occupy  the  full  binding  site  of 
molecular  targets.  According  to  the  analysis  by  M.  Z.  Hernandes  et  al.  [1],  the 
majority  of  halogenated  drugs  contain  fluorine,  followed  by  chlorine,  while  those 
with  bromine  are  rare  (Fig.  23.1).  Only  a  few  iodine-containing  drugs  are  known 
such  as  the  thyroid  hormone  thyroxine  (see  Chapter  22),  an  anti-herpesvirus,  anti¬ 
viral  drug,  idoxuridine  (IDU),  and  a  class  III  antiarrhythmic  agent,  amiodarone 
(Fig.  23.2).  Since  C-I  bonds  are  highly  polarizable,  the  iodinated  compounds  are 
relatively  unstable. 

On  the  other  hand,  iodinated  contrast  media  for  X-rays  (see  Chapter  19)  cate¬ 
gorized  as  diagnostic  drugs  are  very  stable  compared  to  the  iodinated  therapeutic 
agents. 
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FIGURE  23.1  Halogenated  drugs. 


(S)-Triiodothyronine 


Idoxuridine 


Amiodaron 


FIGURE  23.2  Iodine  containing  drugs. 


23.2  ANTIARRHYTHMIC  AGENT:  AMIODARONE 


Amiodarone  was  synthesized  in  1961  by  Tondeur  and  Binon  in  the  Labaz  Laboratories 
in  Belgium  [2].  Structural  features  of  the  drug  include  its  high  iodine  content  and  its 
resemblance  to  thyroxine  (T4).  It  was  originally  introduced  in  1962  in  the  clinic  for 
treatment  of  angina  pectoris,  but  later  the  drug  was  found  to  be  very  efficacious  in  the 
treatment  of  cardiac  arrhythmias  ranging  from  paroxysmal  atrial  fibrillation  to  life- 
threatening  ventricular  tachyarrhythmias  [3].  Amiodarone  is  categorized  as  a  class  III 
antiarrhythmic  agent,  and  prolongs  phase  III  (Fig.  23.3)  of  the  cardiac  action  potential, 
the  repolarization  phase  in  which  there  is  normally  decreased  calcium  permeability  and 
increased  potassium  permeability  [4].  However,  the  use  of  amiodarone  is  associated 
with  several  side  effects,  including  photosensitivity,  corneal  microdeposits,  pulmonary 
toxicity,  hepatotoxicity,  peripheral  neuropathy,  hyperthyroidism,  and  hypothyroidism. 
Amiodarone  is  a  benzofuran  derivative  containing  two  atoms  of  iodine  per  molecule 
(Fig.  23.4).  Hence,  a  normal  daily  maintenance  dose  of  amiodarone  (200-400 mg)  gen¬ 
erates  about  6-12mg  of  iodine  per  day.  This  results  in  an  iodine  load  that  far  exceeds 
the  World  Health  Organization’s  recommended  optimal  iodine  intake  of  0.15-0.3  mg/ 
day.  In  patients  treated  with  amiodarone,  urinary  and  plasma  levels  of  inorganic  iodide 
are  found  to  increase  up  to  40-fold,  whereas  thyroidal  iodide  uptake  and  clearance 
decrease  significantly  [5,  6].  Therefore  amiodarone  is  only  used  in  life-threatening 
arrhythmia  due  to  its  fatal  side  effects  and  severe  allergic  reactions.  Patients  who  are 
allergic  to  iodine  or  amiodarone  should  not  use  this  drug. 
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Delayed  repolarization  by  amiodarone 


Ventricular  action  potential 

FIGURE  23.3  Class  III  antian'hythmic  agent  prolongs  phase  III  of  the  cardiac  action  potential. 


1.  NaOMe/MeOH 


Toluene 


FIGURE  23.4  Synthesis  of  amiodarone. 


23.3  EYE  DROPS:  IDOXURIDINE 


IDU  is  an  anti-herpesvirus  antiviral  agent.  It  was  synthesized  by  William  Prusoff  in 
1959  [7].  IDU  is  a  structural  analogue  of  thymidine,  one  of  the  four  building  blocks 
of  DNA.  It  is  a  thymidine  analogue,  synthesized  through  iodination  in  the  5  position 
of  deoxyuridine,  and  similar  enough  to  be  incorporated  into  viral  DNA  during 
replication.  However,  the  iodine  atom  blocks  base  pairing.  Its  similarity  to  thymidine 
also  facilitates  its  phosphorylation  by  the  herpesvirus-induced  enzyme,  thymidine 
kinase.  The  resulting  5 '-monophosphate  is  further  enzymatically  phosphorylated, 
yielding  the  triphosphate  that  is  subsequently  incorporated  into  herpes  DNA  as 
well  as  cellular  DNA  of  infected  cell  leading  to  miscoding  and  the  synthesis  of 
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FIGURE  23.5  Synthesis  of  idoxuridine  (I). 


ho' 

FIGURE  23.6  Synthesis  of  idoxuridine  (2). 


defective  proteins.  IDU  is  today  a  clinically  used  anti-herpes  drug  [8]  even  though 
its  use  is  somewhat  restricted  due  to  its  high  general  cell  toxicity.  IDU  is  mainly 
used  topically  to  treat  herpes  simplex  keratitis  [9].  Preparation  of  IDU  is  as  follows. 
IDU  can  be  obtained  by  several  related  ways:  (i)  The  reaction  of  5-iodouracil  with 
refluxing  POClj  and  dimethylaniline  gives  2,4-dichloro-5-iodopyrimidine,  which, 
by  reaction  with  NaOCHj  in  refluxing  methanol,  is  converted  into  2,4-dimethoxy- 
5-iodopyrimidine.  Reaction  with  2-deoxy-3,6-di-D-/i-toluoyl-D-ribofuranosyl 
chloride  in  acetonitrile  then  yields  the  ribofuranosyl  pyridone,  which  is 
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demethylated  with  acetic  anhydride-dry  HCl  to  afford  2'-deoxy-5-iodo-3',6'-di-(?- 
p-toluoyluridine.  Finally,  this  compound  is  hydrolyzed  with  NaOCH,,  in  methanol 
(Fig.  23.5)  [10,  11].  (ii)  Alternatively,  2'-deoxyuridine  is  iodinated  with  iodine, 
iodic  acid,  acetic  anhydride,  CCl^  and  water  to  give  2'-deoxy-5,6-diiodo-5,6- 
dihydrouridine,  which  is  then  treated  with  NaOFl  to  eliminate  FlI.  (iii) 
2'-Deoxyuridine  can  also  be  iodinated  directly  with  a)  iodine  and  nitric  acid  in 
refluxing  chloroform  [12]  or  b)  N-iodosuccinimide  (NIS)  in  1 -methoxyethyl- 
3-methylimidazolium  methanesulfonate  (see  Scheme  15.30)  [13]  (Fig.  23.6). 
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24.1  INTRODUCTION 

In  the  past  33  years  a  significant  increase  of  halogenated  active  ingredients  in  the 
field  of  modern  crop  protection  research  and  development  was  observed. 
Interestingly,  there  has  been  a  remarkable  rise  in  the  number  of  commercial  prod¬ 
ucts  containing  “mixed”  halogens,  for  example,  one  or  more  further  halogen 
atoms.  A  survey  of  new  active  ingredients  (the  total  number  up  to  August  2013 
was  169)  used  as  agrochemicals  (insecticides/acaricides,  fungicides,  and  herbi¬ 
cides),  provisionally  approved  by  International  Organization  for  Standardization 
(ISO)  during  the  past  15  years  (1998-2013,  see  http://www.alanwood.de),  shows 
that  around  78%  of  these  are  halogen-substituted  (Br,  I<C1/F,  C1<F).  Today,  a 
number  of  these  halogenated-modified  compounds  are  among  the  best-selling 
agrochemicals  [1-3].  Generally,  iodine-containing  compounds  are  in  the  minority 
and  some  of  them  are  “mixed”  with  other  halogens  like  bromine  or  chlorine. 
Typical  iodine-containing  compounds,  in  use  for  a  long  time  (cf.  herbicides  I,  2, 
and  4;  fungicide  6;  PGR  3;  discontinued  5  and  7)  [4-10]  or  to  date  (e.g.,  fungi¬ 
cides  for  wood  protection  8,  9  and  the  mildewcide  10)  [11-13]  as  agrochemicals, 
are  summarized  in  Table  24.1. 

(l/?,2R,5R)-(-)-Celarure  B1  (11)  [14],  a  male  attractant  for  the  Mediterranean 
fruit  fly  {Ceratitis  capitata),  is  significantly  more  attractive  than  trimedlure  (TML) 
[15],  the  current  standard  male  attractant  used  in  detection  programs.  Synthesizing 
racemic  11  instead  of  its  specific  stereoselective  enantiomer  would  likely  be  more 


Iodine  Chemistry  and  Applications,  First  Edition.  Edited  by  Tatsuo  Kaiho. 

©  2015  John  Wiley  &  Sons,  Inc.  Published  2015  by  John  Wiley  &  Sons,  Inc. 


439 


TABLE  24.1  Iodine-substituted  compounds  used  as  agrochemicals 


T3 
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C3 
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[25671-45-8] 


(Continued) 


Rodenticide 
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cost-effective  to  produce  and  might  also  be  useful  as  control  as  well  as  for  detection 
of  this  pest. 

Methyl  iodide  (12)  is  active  as  a  soil  fumigant  working  by  vapor  action  on  soil- 
borne  diseases,  nematodes,  insects,  and  weed  seeds.  It  is  under  development  as  a 
replacement  for  methyl  bromide  [16]  and  for  use  in  strawberries,  tomatoes, 
peppers,  turf,  nursery  crops,  and  field-grown  ornamentals.  The  application  is  by 
incorporation  in  soil,  by  injecting  irrigation  water  through  subsurface/buried  drip 
tubing  prior  to  planting  alone  or  in  combination  with  other  fumigants,  at  134- 
263  kg  ha”'. 

Halogens  have  very  different  reactivity,  and  in  case  of  iodine  it  usually  requires 
some  form  of  activation  (see  Chapter  15)  for  introducing  iodine  to  active  ingredi¬ 
ents.  Outstanding  progress  has  been  made  especially  in  synthetic  methods  for 
particular  iodine-substituted  key  intermediates  that  were  previously  prohibitively 
expensive.  Introduction  of  a  carbon-iodine  bond  in  agrochemicals  can  lead  to 
diverse  effects.  The  iodo-containing  compounds  can  reflect  (i)  moderate  chemical 
and  biological  stability,  (ii)  good  hydrophobicity  or  lipophilicity,  which  increases 


lodsulfuron-methyl-sodium  (13) 
(Hussar®,  Bayer  CropScience,  1999) 


O 


(Talius®,  DuPont,  2005) 


(Belt®,  Nihon  Nohyaku  Co.,  Ltd./ 
Bayer  CropScience,  2006) 


FIGURE  24.1  Modem  iodine-containing  agrochemicals  (13)-(15). 
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Closantel  (16);  A  =  CHCN,  R  =  CH3 
Rafoxanide  (17);  A  =  O,  R  =  H 

FIGURE  24.2  Iodine-containing  anthelmintics  closantel  (16)  and  rafoxanide  (17). 

biological  membrane  permeability,  (iii)  high  bulkiness,  and  (iv)  halogen  bonding 
interactions. 

Three  modern  iodine-containing  agrochemicals,  including  iodsulfuron-methyl- 
sodium  (13;  herbicide;  CAS  RN  [1444550-36-7]),  proquinazid  (14,  fungicide;  CAS 
RN  [189278-12-4]),  flubendiamide  (15,  insecticide;  CAS  RN  [272451-65-7])  (see 
Fig.  24.1),  as  well  as  the  well-known  anthelmintics  closantel  (16;  CAS  RN  [57808- 
65-8])  and  rafoxanide  (17;  CAS  RN  [22662-39-1]  (see  Fig.  24.2)  used  as  endo-  and 
ectoparasiticides  are  described  in  detail  here. 


24.2  HERBICIDES 

Because  of  their  unique  mode  of  action,  herbicidal  sulfonylureas  have  been  devel¬ 
oped  and  commercialized  worldwide  in  over  80  countries,  for  use  with  all  major 
agronomic  crops  [17].  In  the  biosynthetic  pathway  of  the  branched-chain  amino 
acids  valine  (Val),  leucine  (Leu),  and  isoleucine  (He),  they  interfere  with  a  key 
enzyme  acetohydroxyacid  synthase  (AHAS;  EC  2.2.2. 1)  required  for  plant  cell 
growth,  which  is  also  referred  to  as  acetolactate  synthase  (ALS)  [18].  When  intro¬ 
duced  in  1999,  iodosulfuron-methyl- sodium  (methyl  4-iodo-2-(4-methoxy- 
6-methyl-l,3,5-triazin-2-ylcarbamosul-fanoyl)benzoate,  sodium  salt  (13)  (see 
Fig.  24.1))  was  the  first  “safened”  sulfonylurea  herbicide  available  commercially 

[19] ,  and  has  been  marketed  by  Bayer  CropScience  as  a  broad-spectrum  pre-  and 
postemergent  herbicide  active  on  a  wide  range  of  broadleaf  and  some  grass  weeds  on 
cereals  and  maize.  In  combination  with  mefenpyr-diethyl  (l-(2,4-dichlorophenyl)- 
4,5-dihydro-5-methyl-l//-pyrazole-3,5-dicarboxylic  acid  diethyl  ester)  as  cereal 
safener,  the  results  demonstrated  that  the  safener  acted  via  specific  catalytic  enhance¬ 
ment  of  herbicide  degradation  in  cereals,  but  not  in  target  weeds  such  as  the  wild  oat 

[20] .  In  cereals,  (13)  is  available  commercially  under  the  trade  name  Hussar®,  as  a 
straight  product  in  a  1:3  ratio  with  mefenpyr-diethyl  as  safener.  Its  introduction 
provided  the  farmer  with  a  single,  innovative,  and  easy  one-pass  solution,  which 
saved  both  time  and  costs. 
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SCHEME  24.1  Synthetic  pathway  of  iodosulfuron-methyl-sodium  (13). 


Starting  with  the  commercially  available  2-amino-4-iodobenzoic  acid  methyl 
ester,  the  2-(methoxycarbonyl)-5-iodobenzene  sulfonamide  can  be  synthesized  via 
diazotation,  treatment  with  sulfur  dioxide/Cu(II)  chloride  under  acidic  conditions, 
and  amide  formation.  Subsequent  coupling  with  4-methoxy-6-methyl-l,3,5-triazin- 
2-ylcarbamic  acid  phenyl  ester  leads  to  iodosulfuron-methyl,  which  is  sold  as  sodium 
salt  (13)  (Scheme  24.1). 

At  a  rate  of  2.5-lO.Og  a.i.  ha“',  (13)  controls  more  than  50  different  broadleaf 
weed  species,  including  some  very  competitive  weeds  that  cause  a  substantial 
reduction  in  cereal  productivity  such  as  common  cleavers  {Gallium  aparine), 
common  chamomile  {Matricaria  chamomilla),  chickweed  {Stellaria  media),  radish 
{Raphanus  ssp.),  creeping  thistle  {Cirsium  arvense),  and  deaf  nettle  {Lamium  ssp.) 
[17].  It  was  found  that  though  the  application  of  (13)  at  the  lower  end  of  the  sug¬ 
gested  use  rate  is  usually  sufficient  to  control  broadleaf  weeds,  a  higher  rate  is  needed 
for  consistent  grass  weed  control.  Major  grass  weeds  controlled  with  7.5-10.0  g  a.i. 
ha“'  dose  rate  applied  at  the  three-leaf  stage  up  to  the  end  of  tillering  are  redtop 
{Agrostis  gigantea),  bentgrass  {Apera  spica-venti),  ryegrasses  {Lolium  multiflorum), 
Lolium  perenne,  Lolium  persicum,  and  Lolium  rigidum,  canarygrasses  Phalaris  bra- 
chystachys,  Phalaris  canariensis,  and  Phalaris  paradoxa,  meadow  grasses  Poa 
annua,  and  Poa  trivialis. 


24.3  FUNGICIDES 

Proquinazid  (6-iodo-2-propoxy-3-propyl-4(3//)-quinazolinone)  (14),  the  first  non- 
systemic  fungicide  belonging  to  the  quinazolin-4-one  class,  was  launched  in  2005  as 
a  potent  preventative  powdery  mildewicide  for  cereal  and  the  grapevine  markets.  In 
addition,  (14)  could  successfully  be  registered  as  grapevine  fungicide  Talendo®  in 
Hungary  and  Austria  in  2005.  DuPont  has  since  gained  more  registrations  in  key 
countries  [21]. 

Proquinazid  (14)  can  be  prepared  starting  from  commercially  available  5-iodoan- 
thranilic  acid  (Scheme  24.2). 
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Proquinazid  (14) 


SCHEME  24.2  Synthesis  of  proquinazid  (14). 

Cyclization  with  w-propyl  isothiocyanate  leads  to  2,3-dihydro-6-iodo-3-propyl- 
2-thioxo-4(l//)-quinazolone.  The  subsequent  introduction  of  a  n-propoxy  substit¬ 
uent  via  a  methylation  displacement  sequence  concludes  the  synthesis  [22], 

None  of  the  other  halogenated  analogs  (including  disubstituted  derivatives)  were 
more  potent  than  the  mono-iodo-substituted  proquinazid  (14)  (ranking  of  halogen 
atoms:  Cl<Br<I;  wheat  powdery  mildew  {Blumeria  graminis)  ECj,|,  =  <0.5)  in 
advanced  tests  [21],  In  July  2010, 14  was  moved  by  the  Fungicide  Resistance  Action 
Committee  (FRAC)  from  “Unknown  Mode  of  Action”  to  the  FI  class  (“signal  trans¬ 
duction”)  as  a  result  of  findings  in  powdery  mildew  of  grapevine  {Erysiphe  necator) 
that  this  new  mildewicide  showed  characteristics  similar  to  those  of  the  protectant 
fungicide  quinoxyfen  (Quintec®).  However,  the  exact  molecular  target  is  unknown 
and  is  considered  to  be  distinct  from  that  of  quinoxyfen  [23,  24],  Proquinazid  (14) 
exhibits  a  long  residual  activity,  acts  in  a  preventive  manner,  and  does  not  show  any 
significant  curative  activity  against  powdery  mildew  pathogens.  It  is  locally  systemic 
and  allows  for  the  protection  of  untreated  leaves  or  neighboring  plants  by  distribution 
of  the  active  ingredient  via  the  vapor  phase.  Morphologically,  the  active  ingredient 
inhibits  spore  germination  and  affects  the  signal  transduction  pathway  involved  in 
the  appressorium  differentiation  phase  of  the  infection  process.  Talius®  (for  use  in 
cereals,  200  g  1“',  FC)  controls  powdery  mildew  infections  on  cereal  at  approximately 
40  g  a.i.  ha“'  and  provides  an  excellent  residual  activity  of  up  to  6  weeks  from  a  single 
application.  Proquinazid  (14)  enhances  yield  quality  and  can  be  applied  twice  in  a 
season,  but  for  resistance  management  reasons  it  should  be  mixed  with  a 
broad-spectrum  fungicide  or  a  powdery  mildewicide  with  a  different  mode  of  action 
[22].  Talendo  (for  use  in  grapes,  fruits,  and  vegetables,  200  g  1“',  FC)  is  recommended 
for  the  control  of  powdery  mildew  (Uncinula  necator)  in  grapes,  at  a  rate  of  approx¬ 
imately  50 g  a.i.  ha"'.  It  also  helps  in  delivering  undamaged,  perfectly  shaped  grapes 
and  reduces  the  threat  of  secondary  infection  with  other  fungi  as  gray  mould  {Botrytis 
cinera). 

Aerobic  degradation  studies  of  (14)  in  the  soils  at  20°C  are  shown  in  Scheme  24.3. 

The  main  metabolic  pathway  of  14  in  the  soil  is  its  deiodination  forming  2-pro- 
poxy-3-propylquinazolin-4(3//)-one  (IN-MM671),  which  is  subsequently  dealkyl- 
ated  to  3-propylquinazoline-2,4(l//,3//)-dione  (IN-MM991).  Metabolism  of  rats 
predominantly  comprises  phenyl  ring  hydroxylation  and  hydroxylation  at  the  n-pro- 
pyl  and  n-propoxy  side  chains,  as  well  as  hydrolysis  of  some  side  chains.  Major 
excretory  metabolites  include  conjugates  of  these  metabolites.  Finally,  it  is  to  be 
noted  that  the  end  points  for  14  were  also  considered  applicable  to  2-(  [(2R5')-2- 
hydroxypropyl]oxy}-6-iodo-3-propylquinazolin-4(37r)-one  (IN-MW977)  as  a 
metabolite  (see  Scheme  24.3),  which  consists  of  two  optical  hydroxyl  isomers  that 
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Proquinazid  (14)  IN-MM671 


Minor 

pathway 


14c02 

and 

unaextractable  residues 


SCHEME  24.3  Degradation  pathway  of  proquinazid  (14). 


are  not  analytically  distinguishable  (EFSA,  2009).  This  metabolite  is  included  in  the 
residue  definition  for  risk  assessment  [25]. 


24.4  INSECTICIDES 

Flubendiamide  (N^-  [1,1  -dimethyl-2-(methylsulfonyl)ethyl]-3-iodo-Ai'-  [2-methyl-4- 
[  1 ,2,2,2-tetrafluoro- 1  -(trifluoromethyl)ethyl]phenyl]- 1 ,2-benzenedicarboxamide) 
(15)  is  the  first  insecticide  belonging  to  a  new  chemical  class  named  1,2-benzendi- 
carboxamides  or  phthalic  acid  diamides  [26].  Nihon  Nohyaku  Co.  discovered  15  in 
1998,  and  the  global  development  was  accelerated  by  a  collaboration  with  Bayer 
CropScience  since  2001.  Flubendiamide  (15)  was  registered  in  Japan  in  2007  under 
the  trade  name  of  Phoenix®  and  as  Takumi®  in  other  countries.  It  is  the  first  synthetic 
compound  to  possess  insecticidal  activity  via  ryanodine  receptor  (RyR)  modulation 
[27].  With  FCjg  values  between  0.004  and  0.58 mg  1"',  15  provides  a  very  high. 
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selective  broad- spectrum  activity  against  all  important  lepidopterous  pests  such  as 
diamondback  moth  (Plutella  xylostella),  tobacco  caterpillar  (Spodoptera  litura),  or 
cotton  bollworm  (Helicoverpa  amigera),  including  known  resistant  species  [26,  28, 
29].  Excellent  results  were  achieved  in  cotton,  soybean,  corn,  rice,  vegetables,  top 
fruits,  grapes,  and  orchard  crops  in  many  countries  of  the  world.  In  addition  to  the 
excellent  field  performance,  its  selectivity  between  lepidopterous  pests  and  benefi¬ 
cial  arthropods  indicates  that  15  is  compatible  with  Integrated  Pest  Management 
(IPM)  programs  [30].  Three  characteristics  make  the  molecule  quite  unique:  an 
iodine  atom  at  the  3-position  of  the  phthalic  acid  moiety  (ranking  of  halogen  atoms: 
F<Cl<Br<I),  an  aliphatic  alkylsulfonylalkyl  amide  group,  and  a  heptafluoro-wo- 
propyl  group  in  the  anilide  moiety.  The  bulky  and  moderate  lipophilic  iodine  atom  at 
the  3-position  of  the  phthalic  acid  aryl  moiety  leads  to  a  considerable  increase  in 
insecticidal  activity  of  15  and  reduces  its  phytotoxicity  to  crops.  The  starting 
compound,  3-nitro-phthalic  acid,  is  hydrogenated  to  yield  the  corresponding  3-amino- 
phthalic  acid  sodium  salt,  which  is  transformed  into  3-iodo-phthalic  anhydride  by  the 
well-known  Sandmeyer  reaction  followed  by  acid  treatment  (see  Scheme  24.4). 

The  desired  phthalamic  acid  derivative  was  obtained  regioselectively  by  reaction 
with  the  alkylamine.  Phthalamic  acid  was  cyclized  to  isoimide,  which  was  reacted 
with  the  heptafluoro-wo-propylaniline  to  afford  the  diamide.  However,  this  route  was 
not  suitable  as  a  practical  manufacturing  process.  Therefore,  the  alternative  route  that 
matches  green  chemistry  was  investigated  to  resolve  the  problems  of  low  produc¬ 
tivity  and  wastewater  discharges  (see  Scheme  24.5). 


SCHEME  24.4  Synthesis  of  flubendiamide  (15). 
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The  diamide  is  iodinated  with  the  efficient  iodine  donator  l,3-iodo-5,5-dimethyl- 
hydantoine  (DIH;  similar  reactivity  to  A^-iodosuccinimide  (NIS)  by  a  palladium-cat¬ 
alyzed  reaction  and  followed  by  the  oxidation  with  hydrogen  peroxide  to  give  15. 
This  novel  palladium-catalyzed  iodination  reaction  demonstrates  a  very  high  regi- 
oselectivity  and  excellent  yield  [31]. 

The  heptafluoro-wo-propylaniline  can  facilely  be  synthesized  by  the  reaction  of 
ort/zo-toluidine  with  heptafluoro-wo-propyliodide  under  radical  reaction  conditions 
[32]  (Scheme  24.6). 

The  regioselectivity  {para  versus  ortho)  of  this  reaction  is  also  quite  high. 
Flubendiamide  (15)  has  demonstrated  a  broad-spectrum  activity  against  all  lepidop- 


0 


Flubendiamide  (15) 


SCHEME  24.5  Palladium-catalyzed  regioselective  iodination  [26]. 


(CFglzCFzI 

Na2S204  (cat.) 
NaHCOj 
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Yield:  93%  Yield:  <1% 


SCHEME  24.6  Synthesis  of  heptafluoro-wo-propylaniline  by  radical  coupling  [26]. 
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Flubendiamide  (15) 


R  =  CH20H;  NNI-OOOl-benzylalcohol  I  R|  =  H;  NNI-OOOl-des-iodo 

R  =  COOH;  NNI-0001 -benzoic  acid  L—  R' =  OH;  NN1-0001-3-OH 

SCHEME  24.7  Proposed  metabolic  pathway  of  flubendiamide  (15)  in  plants  [35]. 


terous  pests,  but  proved  inactive  against  other  insect  orders  such  as  Coleoptera, 
Hemiptera,  and  Acarina.  With  regard  to  different  larval  stages  of  lepidopterous  pests, 
15  is  most  effective  against  the  first  instar  larvae,  followed  by  the  third  and  fifth  instar 
larvae.  Furthermore,  it  was  shown  that  15  induces  RyR-sensitive  cytosolic  Ca^^  tran¬ 
sients  that  are  independent  of  extracellular  Ca^^  concentration  in  isolated  neurons 
from  the  tobacco  budworm  {Heliothis  virescens),  as  well  as  transfected  Chinese  ham¬ 
ster  ovary  (CHO)  cells  expressing  the  RyR  from  the  fruit  fly  (Drosophila  melanogas- 
ter)  [33].  Binding  studies  on  microsomal  membranes  from  tobacco  budworm  (H. 
virescens)  flight  muscle  revealed  that  15  interacts  with  a  site  distinct  from  the  ryano¬ 
dine  binding  site,  and  disrupts  the  Ca^^  regulation  of  ryanodine  binding  by  an  allo¬ 
steric  mechanism  [34].  This  novel  insecticide  mode  of  action  seems  to  be  restricted 
to  insect  RyR;  15  was  completely  inactive  on  all  three  mammalian  RyR  subtypes, 
which  likely  explains  the  excellent  toxicological  profile  of  this  promising  substance 
class.  Based  on  its  unique  symptoms  and  novel  mode  of  action,  15  cannot  be  expected 
to  demonstrate  any  cross-resistance  with  conventional  insecticides. 

According  to  the  metabolism  studies  of  15  in  plants  (cabbage,  tomato,  apple),  the 
NNI-OOOl-benzylalcohol  and  NNI-0001 -benzoic  acid  were  formed  by  stepwise 
oxidation  (via  benzaldehyde)  of  the  ortho-met\\y\  group  at  the  aniline  ring  (Scheme  24.7). 

On  the  other  hand,  NNI-OOOl-des-iodo  and  NNI-0001-3-OH  were  formed  by  des- 
iodination  of  15  followed  by  hydroxylation  at  the  phthalic  acid  ring  [35]. 

Flubendiamide  (15)  poses  minimal  risk  to  freshwater  or  marine/estuarine  organ¬ 
isms  (fish,  invertebrates,  plants).  No  acute  toxicity  to  honey  bees  has  been  observed, 
and  no  adverse  effect  on  the  adult  mortality,  flight  intensity,  behavior,  and  hive 
condition  were  observed  in  the  semifield  test  [36]. 


24.5  ANTHELMINTICS 

Halogenated  sylicylanilides,  like  the  iodine-containing  closantel  (A-[5-chloro-4-[(4- 
chlorophenyl)cyanomethyl]-2-methylphenyl]-2-hydroxy-3,5-diiodo-benzamide) 
(16,  Flukiver®,  Janssen,  [CAS  RN:  57808-65-8])  and  rafoxanide  (A-[3-chloro-4-[(4- 
chlorophenoxy)phenyl]-2-hydroxy-3,5-diiodo-benzamide)  (17,  Ranox®,  Pfizer,  [CAS 
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RN:  22662-59-7])  (Fig.  24.2),  are  important  anthelmintics  (endo-  and  ectoparasiti- 
cides)  that  are  most  widely  used  in  the  control  of  pathogenic  nematodes  (Heamonchus 
spp.)  and  liver  fluke  (Fasciola  spp.)  infestation  in  sheep  and  cattle,  and  sheep  botflies 
(Oestrus  ovis)  in  sheep  in  many  parts  of  the  world  [37]. 

Both  anthelmintics,  16  and  17,  can  easily  he  prepared  by  coupling  of  activated 
3,5-diiodo-2-hydroxy-benzoic  acid  (e.g.,  via  acid  chloride  formation  with  PCl^)  with 
the  corresponding  anilines  [38]  (Scheme  24.8). 

Improved  fasciolicidal  activity  of  16  and  17  has  been  achieved  by  incorporation 
of  a  /lara-chloro-phenyl- A  (A  =  O,  CHCN)  chain  in  the  aniline  moiety  of  the  anilide 
[39].  In  both  anthelmintics  the  active  pharmacophore  is  a  3,5-diiodosalicyloyl 
moiety  [40].  The  primary  action  of  salicylanilides  such  as  16  and  17  is  the  inhibition 
of  electron  transport-associated  oxidative  phosphorylation,  which  was  first  con¬ 
firmed  in  vitro  in  the  sheep  liver  fluke  (Fasciola  hepatica),  the  giant  roundworm 
(Ascaris  lumbricoides),  and  finally  in  vivo  as  well  [41,  42].  Furthermore,  it  has  been 
suggested  that  salicylanilides  like  rafoxanide  (17)  diminish  ATP  synthesis,  resulting 
in  increased  internal  intermediate  pools  in  the  pathway.  Therefore,  as  an  independent 
effect,  the  further  metabolism  of  succinate  is  inhibited  [37].  Closantel  (16)  was 
shown  to  have  in  vitro  and  in  vivo  effects  on  both  the  mobility  and  ultrastructure  of 
the  liver  fluke  (F.  hepatica)  [43].  It  induces  rapid  spastic  paralysis  of  the  fluke,  severe 
sloughing  of  the  integument,  swelling  of  the  basal  infoldings,  mitochondrial  defor¬ 
mation,  and  a  reduced  output  of  secretory  products,  especially  in  the  tegumental  and 
gastrodermal  cells  [37].  The  spastic  paralysis  seen  with  16  is  similar  to  that  observed 
with  17  and  other  salicylanilides  [44].  Halogenated  salicylanilides  are  extensively 
plasma-bound  and  poorly  distributed  to  tissues.  The  ratio  of  closantel  (16)  in  the 
plasma  relative  to  that  in  the  lung  and  kidney  tissue  is  6-7,  9-12  for  the  heart  and 
liver,  30  for  muscle,  and  about  100  for  fat.  A  plasma  to  liver  concentration  ratio  of 
17.5  for  17  and  a  plasma  to  bile  ratio  of  >50  and  35%,  respectively,  for  15  and  16 
have  been  described  [45].  Furthermore,  extensive  binding  to  plasma  albumin  (>97%) 
has  been  reported  for  both  16  and  17  [46].  Salicylanilides  are  poorly  metabolized  and 
are  excreted  mainly  unchanged.  In  contrast  to  17  [46],  a  reductive  mowo-deiodation 
was  observed  as  the  main  metabolic  pathway  for  16  in  sheep,  cattle,  and  goats,  result¬ 
ing  in  the  formation  of  its  3-  and  5-mono-iodo  isomers  [47].  Because  of  steric  hin¬ 
drances  by  the  ort/io-methyl  substituent  in  16, 17  is  metabolized  to  3,5-diiodosalicylic 
acid  by  amide  cleavage  via  hydrolysis  and  is  found  in  blood,  milk,  and  muscle  of 
cattle.  However,  the  metabolic  dehalogenation  of  both  iodine  atoms  has  not  been 
observed  [46]. 


SCHEME  24.8  Synthesis  of  salicylanilides. 
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Closantel  (16)  and  rafoxanide  (17)  are  highly  effective  against  both  immature  and 
mature  stages  of  nematodes  in  sheep  and  cattle.  For  example,  a  single  injection  of 
5  mg  a.i.  kg“*  completely  cleared  adult  Capillaria  bovis  infection  in  cattle  [48]. 
Because  of  their  effectiveness  against  a  wide  range  of  hepatic  and  intestinal  trema- 
todes  in  a  variety  of  animals,  they  are  the  most  important  drugs  used  for  the  treatment 
and  control  of  fascioliasis  in  ruminants.  Closantel  (16)  given  orally  at  15  and  20  mg 
a.i.  kg"'  is  highly  effective  in  reducing  8-week-old  Fascioloides  magna  infestation  in 
sheep  [49].  Although  salicylanilides  such  as  16  and  17  are  primarily  effective  against 
helminthes,  they  show  activity  against  numerous  insects  such  as  a  range  of  Oestridae 
and  arthropods  like  ticks  in  different  animals  as  well. 


24.6  SUMMARY 

In  the  search  for  an  “optimal  product”  in  modern  crop  protection  and  animal  health 
in  terms  of  efficacy,  environmental  safety,  user  friendliness,  and  economic  viability, 
the  substitution  of  active  ingredients  with  halogen  atoms  or  halogen-containing  sub¬ 
stituents  is  an  important  tool  [2].  Despite  few  examples,  it  has  been  shown  that  the 
introduction  of  iodine  atoms  into  a  molecule  can  influence  the  biological  efficacy, 
depending  on  their  mode  of  action,  the  physico-chemical  properties  or  the  target 
interaction  of  the  compound.  In  the  past  few  years,  the  technical  availability  of  active 
ingredients  containing  iodine  has  been  improved  by  an  increase  in  access  to  new 
intermediates. 
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Troy,  New  York,  NY,  USA 


25.1  INTRODUCTION 

Diary liodonium  salts  (I)  are  a  class  of  stable,  crystalline  compounds  that  are  readily 
prepared,  purified,  and  characterized  by  conventional  organic  chemical  methods 
and  techniques.  While  these  compounds  have  been  known  for  well  over  125  years, 
during  much  of  this  time  they  were  viewed  only  as  curiosities  [1].  However,  in  the 
past  25-30  years,  the  discovery  that  diaryliodonium  salts  can  serve  as  latent  sources 
of  a  wide  variety  of  protonic  acids  [2-5]  that  can  be  released  under  photolytic  con¬ 
ditions  has  made  these  compounds  the  objects  of  considerable  academic  and 
industrial  research  and  has  led  to  their  rapid  commercialization  and  widespread  use 
in  many  practical  applications.  It  is  the  purpose  of  this  chapter  to  present  a  brief 
overview  of  the  technical  aspects  of  diaryliodonium  salt  chemistry  with  an  emphasis 
on  their  current  and  potential  future  areas  of  use.  Accordingly,  after  a  short 
discussion  of  the  most  important  structural  and  chemical  characteristics  of  diaryli¬ 
odonium  salts,  the  remainder  of  this  chapter  is  divided  into  individual  sections 
corresponding  to  the  different  application  areas  for  these  compounds  as  photoacid 
generators. 

Ar'-T-Ar" 

X 
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A  diaryliodonium  cation  consists  of  two  substituted  or  unsubstituted  aromatic 
moieties  bound  together  by  bonds  to  a  central,  positively  charged  iodine  atom.  Since 
the  iodine  atom  is  formally  in  the  +3  oxidation  state,  diaryliodonium  salts  can  he 
considered  to  belong  to  the  general  class  of  hypervalent  iodine  compounds.  The  aro¬ 
matic  moieties  (Ar'  and  Ar^)  may  be  the  same  or  different  consisting  of  benzene, 
naphthylene,  or  other  aromatic,  polynuclear  aromatic,  or  heteroaromatic  groups  that 
may  be  further  modified  by  a  wide  assortment  and  number  of  electron-donating  and 
electron-withdrawing  substituents.  In  all  cases,  the  diaryliodonium  cation  (Ar'-I’^- 
Ar^)  is  balanced  by  an  association  with  a  negatively  charged  anion  (X  ).  Consequently, 
diaryliodonium  salts  are  ionic  species,  and  this  characteristic  has  a  large  impact  on 
many  of  their  properties,  in  particular,  on  their  solubility.  The  potential  wide 
variations  in  the  structural  complexity  of  diaryliodonium  salts  provides  for  consider¬ 
able  freedom  in  the  design  of  the  chemical,  spectroscopic,  and  physical  properties  of 
diaryliodonium  salts  and  allows  them  to  be  tailored  for  use  in  specific  applications. 

To  further  elaborate  on  this  important  point,  as  noted  before,  a  diaryliodonium  salt 
may  be  considered  to  be  composed  of  two  components,  namely,  the  cation,  Ar*-!"^- 
Ar^  and  the  anion  X  .  The  structures  of  both  of  these  components  can  be  manipulated 
independent  of  one  another,  and  both  serve  very  different  functions  in  the  overall 
behavior  of  diaryliodonium  salts  as  latent  photoacid  generators.  The  cation  bears  the 
chromophors  responsible  for  the  spectral  absorption  characteristics  and  resultant  pho¬ 
tochemistry  of  the  diaryliodonium  salt.  The  structure  of  the  cation  also  determines  the 
thermal  stability  and  redox  properties  of  the  diaryliodonium  salt.  On  the  other  hand, 
the  anion  is  the  ultimate  source  of  the  protonic  acid  that  is  generated  and  it  is  the  major 
determinant  of  the  strength  and  other  chemical  and  physical  properties  of  an  acid  that 
is  generated.  For  each  application,  the  structures  of  hoth  the  cation  and  the  anion  of  a 
diaryliodonium  salt  acid  generator  must  he  carefully  tailored  and  optimized  for  that 
specific  use.  In  keeping  with  the  already  stated  focus  of  this  chapter,  preparative 
methods  for  the  synthesis  of  diaryliodonium  salts  will  not  be  discussed  here.  Methods 
for  the  synthesis  of  diaryliodonium  salts  have  been  described  in  several  previous 
review  articles  [6,  8].  The  reader  is  directed  to  those  general  sources  and  to  the  refer¬ 
ences  therein  for  further  information  regarding  the  preparation  of  these  compounds. 

Shown  in  Table  25.1  are  the  structures  of  some  representative,  commercially  avail¬ 
able  diaryliodonium  salts.  A  large  number  of  additional  diaryliodonium  salts  have 
heen  prepared  and  characterized  in  the  laboratory  of  the  author  of  this  chapter. 

Diaryliodonium  salt  photoacid  generators  can  he  purchased  from  their  suppliers 
in  their  solid,  crystalline  forms  or  conveniently  dissolved  in  nonreactive  liquid 
carriers  of  low  volatility  such  as  propylene  carbonate,  gamma-butyrolactone,  or 
episilon-caprolactone. 


25.2  PHOTOINDUCED  ACID  GENERATION 

The  photosensitivity  of  diaryliodonium  salts  was  noted  rather  soon  after  their 
discovery  in  1984  as  a  new  class  of  compounds  [9].  As  a  result  of  detailed  mecha¬ 
nistic  studies  [10-12],  the  mechanism  of  photolysis  has  been  elucidated  and  is 


TABLE  25.1  Structures  of  some  commercially  available  diaryliodonium  salt 
acid  generators 


PF,- 

SbF,- 

Diphenyliodonium  hexafluorophosphate  (A) 

Diphenyliodonium  hexafluoroantimonate  (A) 

CFgSOg- 

PFs" 

(4-methoxyphenyl)phenyliodonium 

(4-methoxyphenyl)phenyliodonium 

trifluoromethylsulfonate  (H) 

hexafluorophosphate  (H) 

SbF,- 

PFs" 

(4-n-octyloxyphenyl)phenyliodonium 

{4-n-octyloxyphenyl)phenyliodonium 

hexafluoroantimonate  (H){C) 

hexafluorophosphate  (H) 

X 

SbFg-  OH 

PF^-  OH 

{4  {2-hydroxy- 1- 

(4  {2-hydroxy- 1- 

dodecyloxyphenyl }  phenyl)iodonium 

dodecyloxyphenyl }  phenyl)iodonium 

hexafluoroantimonate  (P) 

hexafluorophosphate  (P) 

PF6“ 

CF3SO3" 

bis(4-r-butylphenyl)iodonium 

bis{4-r-butylphenyl)iodonium 

hexafluorophosphate  (H) 

trifluoromethylsulfonate  (H) 

^12^25  — 

SbFg- 

4-isopropylphenyl-4’-methylphenyliodonium 

bis{4-dodecylphenyl)iodonium 

tetrakis(pentafluorophenyl)borate  (R) 

hexafluoroantimonate  (M) 

Commercial  supplier:  H,  Hampford  Research;  R,  Rhone  Poulenc;  P,  Polyset  Co.;  A,  Aldrich 
Chemical;  M,  Momentive  Performance  Materials;  C,  Cytec. 
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presented  in  Figure  25.1.  In  brief,  the  ultraviolet  (UV)  irradiation  of  a  diaryliodo- 
nium  salt  causes  its  electronic  excitation  to  the  respective  excited  singlet  and  triplet 
states  and  the  subsequent  cleavage  of  a  carbon-iodine  bond  by  both  homolytic  and 
heterolytic  pathways.  The  photolysis  produces  highly  reactive  radical,  radical-cation, 
and  cationic  species.  The  subsequent  interaction  of  these  species  with  proton  donors 
derived  from  the  solvent,  monomer,  polymer,  or  adventitious  impurities  present 
ultimately  results  in  the  formation  of  protons  that  combine  with  the  anion  present  to 
form  a  Br^nsted  acid,  HX.  The  quantum  yields  for  this  process  are  high  and  of  the 
order  of  0.7  [13,  14]. 

Diaryliodonium  salts  containing  substituted  and  unsubstituted  phenyl  groups 
typically  absorb  strongly  in  the  region  220-300  nm,  which  makes  them  well-suited 
for  use  with  short  wavelength  UV  radiation.  Considerable  efforts  have  been  made 
to  extend  the  range  of  the  sensitivity  of  diaryliodonium  salts  to  longer  wavelengths 
through  the  use  of  photosensitizers  (PSs).  The  chief  purpose  of  these  efforts  is  to 
allow  diaryliodonium  salt  photoacid  generators  to  be  used  with  long  UV  wave¬ 
length  emitting  light  sources  such  as  light  emitting  diodes  (LEDs)  and  lasers  and 
with  visible  light  sources  such  as  halogen  lamps  and,  ultimately,  sunlight.  Many 
medical,  dental,  graphic  arts,  and  three-dimensional  (3D)  imaging  applications 
employ  these  light  sources.  It  is  also  worth  noting  that  while  conventional  mercury 
and  xenon  arc  lamps  emit  at  short  UV  wavelengths,  most  of  their  energy  is  emitted 
at  wavelengths  from  300  to  550  nm.  This  means  that  a  large  portion  of  the  irradia¬ 
tion  energy  from  these  sources  is  usually  wasted  since  it  cannot  be  absorbed  by  the 


-  e  -transfer  -  .  - ' 

Arl+Ar+X-  - ►  Arl+'X^  +  Af  ^ -  Arl+X^  +  Af 


Arl  +  Ar+X- 
cage-escape 


Ar  Arl  +  HX  Arl  HX  Af  +  R 

in-cage-recomb.  cage-escape 


ArR  HX 


RH  =  solvent 
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FIGURE  25.1  Mechanism  of  the  photolysis  of  diaryliodonium  salts. 
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photoinitiators.  The  use  of  photosensitizers  with  these  conventional  UV  sources 
can  greatly  improve  the  response  of  a  UV  curable  system  by  capturing  more  of  the 
available  light. 

The  use  of  electron-transfer  PSs  has  been  shown  to  be  the  most  practical  way  in 
which  the  spectral  broadening  of  the  wavelength  range  of  sensitivity  of  diaryliodo- 
nium  salts  may  be  achieved  [15,  17].  Through  the  choice  of  an  appropriate  PS,  it  is 
now  possible  to  carry  out  visible  light  photolysis  of  diaryliodonium  salts  at  visible 
wavelengths  using  ambient  sunlight.  Electron-transfer  photosensitization  involves  a 
photoinduced  redox  reaction  as  shown  in  Figure  25.2  in  which  a  photoexcited 
compound  (PS)  transfers  an  electron  (i.e.,  is  oxidized)  usually  via  the  initial  formation 
of  an  exciplex  with  the  iodonium  salt.  Since  the  reduction  potentials  of  diaryliodo¬ 
nium  salts  are  low  and  of  the  order  of  -5kcalmol ',  this  latter  process  is  very  facile 
and  exothermic.  The  cation  radical  [PS^]  derived  from  the  PS  subsequently  reacts 
with  the  substrate  or  undergoes  a  series  of  further  reactions  to  generate  a  BrfSnsted 
acid.  The  other  product,  a  diaryliodine  free  radical,  Ar^i,  is  unstable  and  undergoes 
irreversible  decomposition  to  form  an  aryl  radical  and  an  aryliodide. 

Polynuclear  aromatic  hydrocarbons  and  certain  acridine  dyes  were  the  first  elec¬ 
tron-transfer  PSs  to  be  developed.  In  recent  years,  the  range  of  electron-transfer  PSs 
for  diaryliodonium  salts  has  been  greatly  expanded.  Included  in  Table  25.2  are  a 
number  of  representative  classes  of  electron-transfer  PSs  along  with  an  approximate 
wavelength  range  in  which  they  can  be  used.  Through  the  application  of  electron- 
transfer  PSs,  the  spectral  sensitivity  of  diaryliodonium  salts  has  been  broadened  to 
include  the  entire  UV  as  well  as  the  visible  region  of  the  spectrum. 

Related  to  the  earlier-discussed  electron-transfer  photosensitization  and  shown  in 
Figure  25.3  is  the  proposed  mechanism  of  the  so-called  radical  promoted  photosen¬ 
sitization  [29-34].  In  this  latter  process,  carbon-centered  radicals  II  and  III  are  gen¬ 
erated  by  the  efficient  photolysis  of  typical  free  radical  photoinitiators,  which  are 
spontaneously  oxidized  at  room  temperature  by  a  diaryliodonium  salt  to  their 
corresponding  carbocations.  In  Figure  25.3,  the  photolysis  of  2,2-dimethoxy-2- 
phenylacetophenone  is  shown,  which  produces  the  readily  oxidizable  dimethoxy- 
phenylmethyl  free  radical  (III).  The  dimethoxybenzyl  carbocation  (IV)  can  interact 
directly  with  a  monomer  (Eq.  25.7)  or  further  react  with  protogens  to  form  protonic 
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FIGURE  25.2  Proposed  mechanism  for  the  electron-transfer  photosensitization  of  diaryli¬ 
odonium  salts. 
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TABLE  25.2  Classes  of  electron-transfer  photosensitizers  for  diaryliodonium  salts 


Photosensitizer 

Absorption  range  (nm) 

References 

Acridine  dyes 

413-539 

[29] 

Anthracenes 

250-375 

[16] 

Alkoxyanthracenes 

250-403 

[30] 

Perylene  and  pyrene 

390^39 

[31] 

Carbazoles 

250-340 

[32,  33] 

Phenothiazines 

253-330 

[34] 

Benzophenothiazines 

330^00 

[35] 

Thioxanthones 

380-420 

[36,  37] 

Quinoxalines 

330-550 

[38] 

Curcumin 

420-500 

[39] 
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FIGURE  25.3  Proposed  mechanism  for  the  free  radical-promoted  photosensitization  of 
diaryliodonium  salts. 


acids.  If  a  free  radical  photoinitiator  having  a  long  wavelength  absorption  is  selected, 
the  resulting  diaryliodonium  salt  decomposition  can  be  viewed  as  having  been 
effectively  “photosensitized”  by  this  process. 


25.3  PHOTOINITIATED  CATIONIC  POLYMERIZATIONS 

The  first  applications  of  diaryliodonium  salt  photoacid  generating  systems  were  in 
the  area  of  photoinitiated  cationic  polymerizations,  and  this  field  still  remains  a 
highly  active  area  of  research  and  increasing  industrial  commercialization.  Cationic 
photopolymerization  is  a  very  versatile  process  in  terms  of  the  large  number  of  types 
of  monomers  that  can  be  employed.  Thus,  the  cationic  polymerization  of  alkenes, 
vinyl  ethers,  vinyl  heterocyclic  compounds,  epoxides,  oxetanes,  and  other  cyclic 
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ethers,  aziridines,  oxazolines,  lactones,  spiroorthoesters,  spiroorthocarbonates, 
lactams,  and  cyclic  siloxanes  are  among  the  many  different  classes  of  monomers  that 
can  be  employed  [35-39].  While  it  is  possible  to  carry  out  the  cationic  photopoly¬ 
merization  of  monofunctional  monomers  to  prepare  linear  polymers,  it  is  not  prac¬ 
tical  to  do  so.  Instead,  all  current  industrial  applications  of  photopolymerizations  are 
based  on  crosslinking  or  network-forming  polymerizations  employing  multifunc¬ 
tional  monomers  or  mixtures  of  mono-  and  multifunctional  monomers.  Such  photo¬ 
polymerizations  are  encompassed  within  the  general  technological  term  “UV  curing.” 
Most  efforts  in  the  field  of  cationic  UV  curing  to  date  have  been  focused  on  multi¬ 
functional  epoxides,  oxetanes,  and  vinyl  ethers  as  monomers.  The  main  factors  in 
this  decision  are  the  high  reactivity  of  these  monomers  and  their  commercial 
availability.  Within  these  three  classes  of  monomers,  mono-  and  multifunctional 
epoxide  monomers  have  received  the  most  attention.  The  photopolymerization  of 
epoxide  monomers  generally  gives  polymers  with  excellent  mechanical  properties, 
good  adhesion  to  metals,  glass,  and  plastics,  and  also  excellent  chemical  resistance. 
UV  curing  of  epoxide  monomers  is  best  suited  to  applications  in  which  thin  layers  on 
flat  or  nearly  flat  substrates  are  polymerized  or  “cured”  by  exposure  to  UV  light. 
Very  often,  the  curing  process  involves  very  short  exposure  times  ranging  from 
fractions  of  seconds  to  seconds. 

Epoxides  are  a  broad  class  of  monomers  whose  reactivity  in  cationic  photopoly¬ 
merization  varies  widely.  In  recent  years,  it  has  been  shown  that  the  primary  factors 
that  determine  the  reactivity  of  epoxide  monomers  are  the  ring  strain,  inhibition 
factors  and  whether  the  monomer  bears  functional  groups  that  can  competitively 
interact  either  with  the  initiating  protonic  acid  or  with  the  propagating  oxonium  ion 
center  [40].  In  Table  25.3  are  shown  the  structures  of  a  number  of  epoxide  monomers 
and  a  subjective  designation  of  the  order  of  their  reactivities  as  high,  medium,  and 
low.  In  practice,  it  is  usual  to  use  a  combination  of  several  such  monomers  to  provide 
the  properties  and  photopolymerization  rates  necessary  to  meet  the  requirements  of 
a  specific  application.  Also  included  in  Table  25.3  are  the  structures  of  some  com¬ 
mercially  available  oxetane  and  vinyl  ether  monomers  that  can  be  employed  for  use 
in  applications  involving  photoinitiated  cationic  polymerization. 

Diaryliodonium  salts  that  are  useful  as  photoinitiators  for  cationic  polymeriza¬ 
tions  are  limited  to  those  that  produce  very  strong  protonic  acids  on  photolysis.  This 
means  that  diaryliodonium  salts,  which  possess  anions  that  on  photolysis  generate 
superacids  such  as  HPE^.,  HAsF^,  HBF^,  HShF^,  and  HB(Cj-Fj)^,  having  Hammett 
acidity  values  of  H°=-15  or  lower,  are  of  primary  interest  [41].  On  the  other  hand, 
while  strong  mineral  and  organic  acids  such  as  H^SO^,  H^PO^,  CgH^SO^H,  and 
CFjSOjH  with  H“  values  of  -12  to  -14  may  induce  the  cationic  polymerizations  of 
certain  monomers,  the  rates  of  those  polymerizations  are  generally  not  sufficiently 
high  enough  to  be  of  commercial  interest. 

The  major  commercial  applications  of  photoinitiated  cationic  polymerization  lie 
in  UV  curable  coatings  for  metals,  glass,  and  plastics,  structural  and  pressure- 
sensitive  adhesives,  and  printing  inks.  In  addition,  a  wide  assortment  of  specialty 
applications,  too  numerous  to  list  here,  are  also  served  by  this  technology. 
UV-curable  cationic  systems  are  replacing  traditional  thermally  cured  solvent-based 
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TABLE  25.3  Structures  of  epoxide,  oxetane,  and  vinyl  ether  monomers  used  in 
photoinitiated  cationic  polymerization 


Epoxide  monomers 


High  reactivity 


Low  reactivity  O 


O 


Oxetane  monomers 


technology  in  many  of  these  applications.  The  main  factors  driving  the  adoption  of 
photoinitiated  cationic  polymerization  technology  come  from  the  high  rates  of 
polymerization  that  can  be  achieved  with  such  systems  under  ambient  air  conditions 
together  with  the  environmental  benefits  that  derive  from  the  very  low  energy 
requirements  and  lack  of  the  use  of  volatile  organic  solvents.  A  good  example  of  the 
power  of  this  technology  is  UV-curable  epoxy-silicone  release  agents  [42,  43].  The 
relevant  chemistry  is  depicted  in  Equation  (25.9).  Silicone  resins  bearing  terminal 
and  pendant  epoxy  groups  are  readily  synthesized  by  the  platinum-catalyzed  hydro- 
silation  of  4-vinyl- 1 ,2-epoxycyclohexane  with  an  appropriate  Si-H  functional 
silicone  oligomer.  UV-induced  photopolymerization  of  the  resulting  epoxy¬ 
functional  silicone  is  carried  out  using  bis(4-dodecylphenyl)iodonium  hexafluoro- 
antimonate  as  a  photoinitiator.  Crosslinked  epoxy-silicone  release  coatings  (V)  are 
applied  and  UV-cured  reel-to-reel  at  speeds  of  300-600  m  min  '  using  a  reverse  roll 
coater  and  two  medium-pressure  mercury  arc  lamps  as  the  light  source.  The  floor 
space  required  for  this  process  is  approximately  20-30  m.  This  system  replaces  a 
solvent-based  release  coating  that  originally  required  a  150-m  natural  gas-fired 
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oven  for  cure.  In  Figure  25.4  are  shown  several  commercial  examples  of  cationically 
cured  silicone  paper  release  coatings  applied  to  a  variety  of  label  applications. 

In  a  related  development,  work  begun  in  this  laboratory  in  the  late  1980s  and  early 
1990s  led  to  the  development  of  a  new  class  of  highly  reactive,  linear,  branched, 
and  cyclic  epoxy  functional  silicon-containing  monomers  [44,  45].  These  mono¬ 
mers  can  be  readily  prepared  in  high  yields  by  the  platinum-catalyzed  hydrosila- 
tion  of  Si-H  functional  silanes  and  silicones  with  epoxides  containing  vinyl 
double  bonds  such  as  4- vinyl- 1,2-epoxy  cyclohexane  or  allyl  glycidyl  ether.  A 
simple  example  of  this  reaction  is  shown  in  equation  10  for  the  preparation  of  the 
cyclic  tetrafunctional  epoxy  monomer,  VI.  The  company  3M  ESPE  has  commer¬ 
cialized  this  monomer  under  the  trade  name  Silorane^M  as  a  photocurable  dental 
composite  [46].  UV  cures  of  the  dental  composites  are  accomplished  with  a  visible 
light-responsive  initiator  system  consisting  of  a  diaryliodonium  salt  together  with 
camphoroquinone  as  a  PS.  As  dental  composites,  these  UV-curable  systems 
provide  excellent  hardness  and  chemical  resistance  together  with  low  volume 
shrinkage. 
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FIGURE  25.4  Examples  of  UV-cured  silicone-epoxy  paper  release  coatings  applied  on 
label  stock  backings. 


In  a  different  application,  a  major  can  manufacturing  company,  the  Coors  Brewing 
Co.,  replaced  its  entire  exterior  thermally  cured  over  print  coating  and  printed 
graphics  with  UV-curable  cationic  epoxy-based  offset  systems  and  achieved  a  pro¬ 
duction  rate  of  4  billion  cans  year^'  [47].  As  with  many  coating  and  printing  ink 
applications,  the  UV-curable  formulations  in  this  case  are  based  on  the  biscycloali- 
phatic  epoxy  monomer,  VII,  shown  here  as  the  main  component. 


o 


VII 


25.4  PHOTOINITIATED  CONDENSATION  POLYMERIZATIONS 

A  number  of  condensation  polymerizations  are  acid-catalyzed  and  can  be  conve¬ 
niently  carried  out  using  diaryliodonium  salts  as  photoacid  generators.  For 
example,  the  condensation  of  alkoxysilanes  can  be  performed  under  UV 
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irradiation  conditions  in  the  presence  of  added  water  or  moisture  provided  by  the 
atmosphere.  These  sol-gel-type  polymerizations  give  modified  silicate  materials 
that  are  of  special  interest  for  hard,  abrasion-,  and  scratch-resistant  coatings  for 
plastics.  Some  application  areas  include  UV-curable  coatings  for  eyeglass  lenses 
and  for  poly  (carbonate)  automobile  headlamp  covers.  Photocurable  hybrid 
systems  that  combine  cationically  curable  epoxy  resins  along  with  sol-gel 
silicones  have  also  been  developed  [48-50].  These  coatings  are  based  on  glyci- 
doxypropyltrialkoxysilanes  (VIII),  and  they  are  also  of  increasing  interest  for 
abrasion-resistant  coatings,  the  formation  or  microlenses,  optical  fiber  adhesives, 
and  electronic  and  LED  encapsulants.  Lastly,  the  synthesis  of  highly  reactive 
epoxy  functional  silicone  resins  with  structure  IX  have  been  reported  by  first 
carrying  out  a  conventional  sol-gel  reaction  on  a  monomer  bearing  both 
alkoxy silane  and  epoxy  groups  [51].  Irradiation  of  these  highly  reactive  oligo¬ 
meric  resins  in  the  presence  of  a  diaryliodonium  salt  cationic  photoinitiator 
yields  crosslinked,  glassy  polymers  with  exceptional  hardness,  low  coefficient  of 
expansion,  and  thermal  stability. 


(HjCOjSi  O 


Arjl  *X-  § 


3CH3OH  (25.11) 


The  photoinduced  acid-catalyzed  condensation  polymerizations  of  phenol  form¬ 
aldehyde,  urea  formaldehyde,  and  hexamethylolmelamine  resins  have  been  reported 
to  take  place  in  the  presence  of  diaryliodonium  salt  photoacid  generators  [52].  These 
resins  have  found  some  uses  as  UV-curable  adhesives,  composites,  and  additives  to 
other  UV-curable  resins.  They  have  also  been  employed  in  photoimaging  as  will  be 
discussed  in  the  next  section.  The  UV  cures  of  these  systems  (Eqs.  25.12  and  25.13) 
are  comparatively  slow  and,  in  general,  a  thermal  postcure  is  required  to  complete  the 
condensation  reaction. 
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25.5  IMAGING  USING  DIARYLIODONIUM 
PHOTOACID  GENERATORS 

A  broad  area  of  applications  that  makes  use  of  the  unique  photosensitivity  properties 
of  diaryliodonium  salts  as  photoacid  generators  is  imaging.  This  field  can  be  further 
broken  down  according  to  the  various  different  imaging  technologies  in  which  these 
compounds  are  currently  employed. 


25.5.1  High-Performance  Positive  Photoresists 

In  the  mid-1970s,  high-performance  photolithography  used  to  define  features  within 
microelectronic  integrated  circuits  had  reached  a  crossroad  [53,  54].  Several  factors 
contributed  to  the  technological  crisis  that  resulted.  First,  to  produce  smaller  fea¬ 
tures  than  were  available  at  the  time  using  405-nm  UV  irradiation,  it  became 
necessary  to  work  at  the  shorter  365-nm  Hg  line  and  even  at  lower  wavelengths. 
However,  the  available  energy  at  those  wavelengths  from  conventional  arc  lamp 
light  sources  is  relatively  low.  This  necessitated  the  use  of  more  sensitive  photore¬ 
sists.  The  negative-working  photoresists  of  that  time  did  not  possess  sufficient  pho¬ 
tosensitivity  to  meet  this  requirement.  In  addition,  due  to  growing  environmental 
restrictions,  it  was  no  longer  possible  to  use  the  organic  solvent-based  development 
protocols  required  to  process  those  negative  resists.  As  an  alternative,  positive¬ 
working  photoresists  employing  photoacid  generators  such  as  diaryliodonium  salts 
were  developed  by  workers  at  IBM  [55,  56].  The  first  version  of  the  photolitho¬ 
graphic  resins  that  were  developed  is  shown  in  Equation  (25.14).  The  chemistry 
used  was  termed  “chemical  amplification”  and  involves  the  photoacid-catalyzed 
deblocking  reaction  of  poly(4-t-butoxycarbonyloxystyrene)  (X).  The  products  of 
this  deblocking  reaction  are  carbon  dioxide,  isobutene,  and  poly(4-hydroxystyrene) 
(XI).  Carbon  dioxide  and  isobutene  are  gases,  while  poly(4-hydroxystyrene)  can  be 
dissolved  in  aqueous  basic  solutions  of  tetra-n-butylammonium  hydroxide.  Since 
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under  imagewise  exposure,  the  polymer  is  rendered  base-soluble  and  selectively 
removed  in  the  irradiated  zones,  it  is  a  positive  photoresist.  Many  generations  of  this 
chemistry  have  been  developed  and  optimized  over  the  course  of  the  past  25-30 
years.  The  present  high-performance  lithographic  photoresists,  which  allow  imaging 
of  features  in  the  15-  to  32-nm  wavelength  range,  still  rely  on  this  same  basic  pho¬ 
toacid  deblocking  chemistry.  The  diaryliodonium  salts  used  in  such  photolitho¬ 
graphic  systems  have  also  undergone  considerable  development  and  optimization 
for  this  demanding  application.  The  cation  of  the  diaryliodonium  salt  must  be 
designed  to  be  soluble  in  the  photoresist  polymer.  This  can  be  a  significant  challenge 
since  many  advanced  photoresist  polymers  are  now  based  on  fluorine-containing 
monomers  and  the  inherent  solubility  of  ionic  species  such  as  diaryliodonium  salts 
in  such  materials  is  low.  To  overcome  this  problem,  diaryliodonium  salts  are  fitted 
with  various  fluorinated  and  nonfluorinated  substituents  on  the  aromatic  rings.  The 
requirements  with  respect  to  the  acid  strength  are  considerably  lower  for  the 
deblocking  chemistry  shown  in  Equation  (25. 14)  than  for  cationic  photopolymeriza¬ 
tions.  Alkyl  sulfonic  acids  and  perfluoroalkylsulfonic  acids  (H°  values  -12  to  -14) 
are  sufficiently  strong  to  efficiently  carry  out  the  deblocking  chemistry.  In  most 
cases,  diaryliodonium  salts  bearing  long  chain  perfluoroalkanesulfonate  anions  are 
used  since  the  resulting  acids  are  soluble  in  the  photoresist  and  have  both  a  low  vol¬ 
atility  and  low  diffusion  rates  in  the  photopolymer.  The  combination  of  these  prop¬ 
erties  contributes  to  good  resolution  and  edge  control  in  the  final  developed 
photoresist.  At  the  present  time,  triarylsulfonium  salt  photoacid  generators  have 
largely  displaced  diaryliodonium  salts  from  this  application  due  to  their  higher 
thermal  stability. 


(25.14) 


The  importance  of  this  contribution  for  development  in  high-performance  micro¬ 
lithography  cannot  be  overstated.  It  is  safe  to  say  that  it  is  highly  unlikely  that  modern 
microelectronic  technology  would  be  possible  without  both  the  discovery  of  photo¬ 
acid  generators  such  as  diaryliodonium  salts  and  their  implementation  in  positive 
photoresists  such  as  poly(t-butoxycarbonyloxystyrene). 

25.5.2  High-Performance  Negative  Photoresists 

High-performance  negative-working  photoresists  are  obtained  when  oligomers  or 
polymers  bearing  cationically  polymerizable  functional  groups  are  exposed  in  an 
imagewise  fashion  to  UV  irradiation  in  the  presence  of  a  diaryliodonium  salt 
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photoinitiator.  For  example,  the  imagewise  exposure  of  solid  epoxy  novolac  resins 
such  as  SU-8  (XII)  shown  in  Equation  (25.15)  in  the  presence  of  a  diaryliodonium 
salt  photoacid  generator  results  in  cationic  ring-opening  polymerization  with  resul¬ 
tant  insolubilization  of  the  resist  in  the  irradiated  regions.  On  development  of  the 
photoresist  with  a  solvent,  the  areas  that  are  not  illuminated  are  dissolved  away  leav¬ 
ing  a  highly  crosslinked  network  (XIII)  negative  image  of  the  mask.  Very  high  aspect 
ratio  (20: 1)  images  can  be  obtained  using  these  negative  photoresists  that  are  espe¬ 
cially  useful  for  micromachining  applications  such  as  printheads  for  inkjet  printers. 
Figure  25.5  shows  the  application  of  negative  epoxy-novolac  photoresists  to  the 
fabrication  of  printed  wiring  boards. 


FIGURE  25.5  Printed  wiring  board  imaged  using  the  cationic  photopolymerization  of  an 
epoxy  novolac  resin. 
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25.5.3  Three-Dimensional  Imaging  Applications  For  Photoacid  Generators 

Three-dimensional  imaging  has  become  an  area  of  very  rapid  growth  for  the  use  of 
diaryliodonium  salt  photoacid  generators  [57,  58].  There  are  several  different 
technologies  for  the  production  of  solid  objects  that  are  classified  under  various 
names  including  “3D  imaging,”  “rapid  prototyping,”  or  the  more  recent  but  less  accu¬ 
rate  term  “additive  manufacturing.”  Only  three  of  these  technologies  will  be  dis¬ 
cussed  in  this  chapter.  They  are  stereolithography,  digital  imaging,  and  3D  inkjet 
printing.  All  three  technologies  employ  CAD-CAM  engineering  design  to  create  a 
3D  computer  image  of  an  object  that  is  to  be  translated  into  a  corresponding  3D  solid 
plastic  object.  Similarly,  all  three  technologies  rely  on  the  layer-by-layer  deposition 
and  the  photopolymerization  of  a  “photopolymer”  consisting  of  liquid  reactive 
monomers  and/or  oligomers  together  with  a  photoinitiator  to  create  the  solid  object. 
Finally,  all  three  technologies  utilize  diaryliodonium  salts  as  cationic  photoinitiators 
and  epoxy  monomers  and  oligomers  in  the  imaging  process.  Epoxide  resins  and  cat¬ 
ionic  photoinitiators  are  used  primarily  because  their  low  inherent  volume  shrinkage 
on  photopolymerization  allows  the  construction  of  3D  solid  objects  with  high  fidelity 
and  low  distortion.  The  excellent  mechanical  properties,  solvent  and  thermal  resis¬ 
tance,  and  good  photoresponse  are  additional  benefits  that  the  cationic  cure  of  epoxy 
photopolymers  brings  to  these  applications.  Since  the  chemistry  involved  in  3D 
imaging  is  essentially  the  same  as  utilized  in  photoinitiated  cationic  polymerizations, 
in  general,  the  same  considerations  as  discussed  previously  with  respect  to  the  struc¬ 
ture  of  cation  and  anion  of  the  diaryliodonium  salt  are  applied  here  as  well. 

Stereolithography  is  the  first  and  oldest  of  the  3D  imaging  technologies.  As  prac¬ 
ticed  by  3D  Systems,  Inc.,  the  computer  generated  CAD-CAM  image  is  cut  by  the 
computer  into  thin  slices  and  each  slice  is  written  onto  the  surface  of  a  liquid  photo¬ 
polymer  contained  in  a  bath  using  a  highly  focused  laser  beam.  The  first  image  is 
written  onto  a  movable  stage  submerged  just  below  the  surface  of  the  liquid  photo¬ 
polymer  and  after  it  is  written,  the  stage  is  lowered  into  the  bath  by  an  increment 
equal  to  the  thickness  of  the  next  layer  to  be  written.  The  photopolymer  flows  over 
the  first  layer,  and  the  second  layer  is  written.  This  process  is  repeated  until  the  entire 
solid  object  is  written.  Then  the  stage  is  raised  out  of  the  bath  revealing  the  entire 
solid  plastic  object.  Stereolithography  is  capable  of  producing  a  wide  range  of  highly 
complex  3D  objects  with  fine  detail  and  functionality.  Using  this  technique,  the 
models  shown  in  Figure  25.6  were  produced  by  photoinitiated  cationic  polymeriza¬ 
tion  using  epoxy-silicone  monomers  with  diaryliodonium  salt  photoinitiators. 

Digital  imaging,  invented  by  EnvisionTec,  Inc.,  resembles  stereolithography  in  some 
of  its  elements.  In  this  method,  the  image  of  an  entire  layer  is  projected  through  a  window 
and  onto  a  thin  layer  of  photopolymer  in  contact  with  the  stage.  Then  the  stage  is  moved 
incrementally  and  fresh  photopolymer  allowed  to  flow  into  the  space  between  the  window 
and  the  first  image.  The  image  of  the  next  layer  is  projected  through  the  window,  and  the 
process  is  repeated  until  the  entire  solid  object  is  generated.  In  Figure  25.7  is  shown  a 
prototype  tissue  scaffold  that  was  produced  using  the  digital  imaging  technique. 

In  3D  inkjet  printing,  the  photopolymer  is  deposited  onto  the  surface  of  a  movable 
stage  using  an  inkjet  printhead.  Each  printed  layer  is  hardened  with  UV  light,  and  then 
the  next  layer  is  printed  on  the  top  of  the  first  one  and  so  on.  This  simple  process  is 
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FIGURE  25.6  Stereolithographic  models  produced  using  epoxy-silicone  monomers. 


FIGURE  25.7  Tissue  scaffold  produced  using  digital  imaging. 


surprisingly  versatile  and  remarkably  precise  in  generating  solid  objects  with  a  high 
degree  of  fidelity.  Moreover,  with  the  simultaneous  use  of  several  printheads,  solid 
objects  composed  of  several  different  materials  can  be  constructed.  A  leader  in  3D  inkjet 
printing  is  the  Objet  Division  of  the  Stratasys  Corporation.  Some  typical  examples  of  3D 
printed  objects  that  were  constracted  using  diaryliodonium  salts  are  shown  in  Figure  25.8. 

Three-dimensional  imaging  was  initially  developed  to  provide  a  rapid  and  low- 
cost  means  for  the  fabrication  of  engineering  models  and  prototypes.  At  the  present 


SUMMARY 


475 


FIGURE  25.8  Examples  of  3D  printed  objects. 


time,  this  is  still  the  one  of  the  major  applications  for  the  use  of  the  technology.  Rapid 
prototyping  using  3D  imaging  has  revolutionized  engineering  design  in  the  aerospace, 
automotive,  and  machine  parts  industries  hy  significantly  shortening  the  development 
time  hy  rapidly  providing  accurate  working  models.  In  the  meantime,  the  range  of 
applications  of  3D  imaging  has  expanded  rapidly  and  enormously  and  the  list  of  new 
areas  for  the  use  of  this  technology  continues  to  grow.  Only  a  few  other  representative 
examples  will  be  discussed  here.  Digital  imaging  has  made  a  very  large  impact  in  the 
way  in  which  molds  for  investment  casting  are  fabricated.  This,  in  turn,  has  allowed 
for  the  design  and  rapid  fabrication  of  custom  metal  machine  parts  including  gears, 
dental  implants,  watch  parts,  fasteners,  and  jewelry.  In  a  very  different  application, 
stereolithography  is  being  employed  by  Align  Technology,  Inc.,  for  the  fabrication  of 
personalized  orthodontic  retainers  used  to  straighten  and  correct  teeth  position  and 
alignment.  Three-dimensional  inkjet  printing  as  practiced  by  Objet-Stratasys  pro¬ 
vides  low-cost  equipment  for  the  production  of  manufacturing  models  for  appli¬ 
ances,  toys,  complex  automobile  parts,  manufacturing  equipment,  dental  aligners, 
and  architectural  models  to  name  a  few  applications. 


25.6  SUMMARY 

Diaryliodonium  salt  photoacid  generators  are  latent,  highly  photosensitive  sources  of 
strong  protonic  acids.  These  photoacid  generators  are  available  as  well-characterized 
solid,  crystalline  compounds  from  a  number  of  commercial  sources.  They  are  used  as 
efficient  photoinitiators  in  cationic  epoxide  ring-opening  crosslinking  polymeriza¬ 
tions  and  are  employed  widely  for  use  in  UV-curable  coatings  for  metals,  glass,  and 
plastics.  They  also  find  major  uses  as  pressure-sensitive  adhesives,  structural  adhesives, 
and  in  printing  inks  as  well  as  in  many  other  applications.  A  rapidly  growing  area  for 
the  use  of  diaryliodonium  salts  in  photopolymerizations  is  their  use  in  3D  imaging 
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technology.  Diary liodonium  salt  photoacid  generators  have  played  a  major  role  in  the 
development  of  high-performance  positive  photoresists  for  the  commercial  production 
of  integrated  circuits  and  will  continue  to  do  so  far  into  the  future. 
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26.1  INTRODUCTION 

By  the  middle  of  the  nineteenth  century,  the  British  Empire  had  expanded  across  the 
globe  and  into  many  tropical  places  burdened  by  malaria.  The  toxicology  of  the  anti- 
malarial  drug  quinine  was  studied  widely  in  the  interest  of  urgent  national  priorities. 
While  investigating  the  effects  of  quinine  in  dogs,  the  toxicologist  Dr.  William  Bird 
Herapath  and  his  assistant  accidentally  mixed  tincture  of  iodine  with  the  urine  of  a 
dog  that  had  ingested  large  quantities  of  quinine.  Instantly,  metallic  crystallites  pre¬ 
cipitated  from  the  urine.  These  iodine-rich  crystals  would  transform  the  science  and 
practice  of  optics  because  ultimately  they  could  be  fashioned  into  large-aperture, 
linear  polarizers  of  visible  light. 

Electromagnetic  radiation  consists  of  sets  of  transverse  electromagnetic  waves  in 
which  the  electric  and  magnetic  field  vectors  E  and  H  are  mutually  perpendicular 
and  lie  in  a  plane  normal  to  the  wave  vector  k  defining  the  direction  in  which  the  light 
propagates  [1].  Visible  light — that  detected  by  the  human  eye — has  a  wavelength 
between  400  and  700  nm  [2].  Wavelengths  just  shorter  than  400  nm  fall  in  the  ultra¬ 
violet  part  of  the  spectrum  of  electromagnetic  radiation,  while  wavelengths  slightly 
longer  than  700  nm  fall  within  the  infrared  part  of  this  spectrum  [2].  Light  in  which 
E  oscillates  in  one  plane  as  it  propagates  is  said  to  be  plane-polarized  or  linearly 
polarized.  Incoherent  light,  such  as  sunlight,  consists  of  a  series  of  light  waves  whose 
electric  and  magnetic  field  vectors  fluctuate  continuously  and  at  random;  it  is 
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unpolarized.  For  many  applications  in  science  and  engineering,  there  is  a  need  to 
select  the  polarization  of  light  from  a  particular  light  source  so  that  it  is  plane-polarized. 
This  is  a  key  requirement  for  the  identifications  of  minerals  and  rocks  from  thin  sec¬ 
tions  with  a  petrological  microscope  [3],  and  it  is  necessary  for  the  use  of  liquid 
crystals  in  displays  [2]. 

Optical  accessories  that  select  a  particular  polarization  of  light  are  known  as 
polarizers.  One  of  the  first  devices  for  producing  plane-polarized  light  was  the 
Nicol  prism  invented  hy  the  Scottish  geologist  William  Nicol,  details  of  which  he 
reported  in  the  October-December  1828  issue  of  the  Edinburgh  New  Philosophical 
Journal  [4].  The  Nicol  prism  makes  use  of  the  phenomenon  of  double  refraction 
first  described  in  calcite  by  Rasmus  Bartholin  (Erasmus  Bartholinus)  in  1669  [1, 
5,  6].  Double  refraction  is  a  consequence  of  light  propagation  in  anisotropic 
media  [1,  3,  7,  8].  In  an  anisotropic  crystal,  plane-polarized  light  wave  entering  a 
crystal  at  a  general  angle  is  split  into  two  waves  whose  electric  field  vectors  are 
polarized  at  right  angles  to  one  another.  These  vectors  are  aligned  with  the  refrac- 
tivity  extrema  in  the  plane  of  the  crystal  perpendicular  to  the  wave  vector  in  the 
medium.  To  make  a  Nicol  prism,  a  pair  of  optical  quality  calcite  (CaCO^)  rhom- 
bohedra,  about  three  times  as  long  as  wide,  are  shaped,  and  glued  together  with 
Canada  balsam  [4,  7-9]  so  as  to  make  a  parallelepiped.  The  crystals  are  arranged 
so  that  light  traveling  with  one  of  the  polarization  modes  of  the  first  crystal  is 
reflected  at  the  interface  between  the  crystals.  The  specific  orientations  of  the 
crystalline  components  of  the  Nicol  prism  and  the  refractive  index  of  the  Canada 
balsam  relative  to  the  refractivity  extrema  seen  by  the  two  waves  within  the  crystal 
into  which  the  light  is  shone  together  ensure  that  unpolarized  light  entering  the 
prism  and  traveling  parallel  to  its  length  exits  the  device  as  plane-polarized 
light  [4,  7,  8]. 

In  some  anisotropic  crystals,  noticeable  absorption  of  one  or  both  of  these  waves 
can  occur  at  specific  wavelengths.  This  is  the  phenomenon  of  linear  dichroism.  In 
the  trigonal  mineral  tourmaline,  the  absorption  of  one  of  these  two  waves  is  particu¬ 
larly  strong,  so  that  tourmaline  is  able  to  polarize  light  by  selective  absorption,  albeit 
somewhat  inefficiently  [1,  8].  This  differential  absorption  is  a  consequence  of  the 
dissymmetry  of  the  environments  of  the  light-absorbing  transition  metals  in  tourma¬ 
line  [10-12].  A  tourmaline  polarizer  is  a  so-called  dichroic  filter.  If  two  transparent 
thin  sections  of  tourmaline  are  cut  so  that  their  c-axes  lie  parallel  to  the  plane  of  the 
thin  section  and  are  perpendicular  to  one  another,  light  passed  through  one  of  the 
thin  sections  is  then  almost  completely  absorbed  by  the  other,  so  that  very  little  light 
passes  through  the  pair.  In  the  nineteenth  century,  such  “crossed  polars”  were  fash¬ 
ioned  as  tourmaline  tongs  [13],  which  held  anisotropic  samples  between  the  arms. 

High-quality  mineral  polarizers  such  as  tourmaline  and  calcite-based  Nicol 
prisms  have  been  superseded  by  other  methods  of  producing  polarized  light,  most 
notably  through  the  use  of  polarizing  polymer  films.  As  Edwin  Land,  inventor  of  the 
polarizing  sheet,  noted  in  his  1951  review  [14],  iodine  played  a  pivotal  part  in  the 
development  of  these  films.  Today,  while  both  iodine  and  iodine-free  polarized  films 
are  widely  available,  it  is  still  the  case  that  those  incorporating  iodine  are  regarded 
as  being  superior  in  terms  of  transmittance  and  polarization  efficiency  for  the  visible 
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part  of  the  electromagnetic  spectrum  [15].  Iodine  has  played  an  outstanding  role  in 
the  production  of  polarized  light. 


26.2  IODINE  AND  THE  DEVELOPMENT  OE  POLARIZED  EILM 

The  origin  of  the  commercial  polarizing  film  is  found  in  Herapath’s  1852  paper  in 
Philosophical  Magazine  [16].  Herapath  showed  that  brilliant  emerald  green  plates 
could  precipitate  from  warm,  concentrated  acetic  acid  solutions  of  disulfates  of  a 
variety  of  alkaloids  such  as  quinine,  and  cinchonine,  Cj^H^^NjO,  to 

which  elemental  iodine  was  then  added.  Herapath  used  tourmaline  thin  sections  as 
well  as  a  Nicol  prism  to  demonstrate  the  remarkable  polarizing  effect  of  these  new 
crystalline  compounds.  As  shown  in  Figure  26.1,  where  the  crystals  cross  at  90°  with 
respect  to  one  another,  Herapath  noted  that  no  light  was  transmitted.  The  pair,  he 
said,  “was  black  as  midnight.”  Herapath  was  able  to  show  that  his  synthetic  crystals 
were  at  least  five  times  more  effective  than  the  best  tourmaline  crystals  in  transmit¬ 
ting  a  polarized  ray  of  light.  He  also  showed  that  only  iodine,  sulfuric  acid,  and 
quinine  were  required  to  synthesize  these  crystals,  conjecturing  that  he  had  produced 


FIGURE  26.1  Overlapping  hexagonal-shaped  crystals  of  herapathite  crystals  viewed  in 
transmitted,  unpolarized  white  light  [16].  Arrows  denote  the  orientation  of  the  absorbing 
direction  in  the  crystals.  Extinction  is  apparent  when  crystals  overlap  and  their  long  axes  are 
orthogonal  to  one  another.  Courtesy  of  Taylor  and  Francis  and  Philosophical  Magazine.  (See 
insert  for  color  representation  of  the  figure.) 
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an  iodide  of  the  disulfate  of  quinine.  The  Austrian  mineralogist  Haidinger  proposed 
the  name  herapathite  in  1853  as  shorthand  for  Herapath’s  multicomponent  compound 
[17-19].  That  same  year,  Herapath  also  adopted  this  name  and  promoted  herapathite 
crystals  as  “artificial  tourmalines,”  having  succeeded  in  growing  thin  plates  of  her¬ 
apathite  1.5  cm^  [20].  Herapath  claimed  in  this  1853  paper  that  “there  is  no  doubt 
tourmaline  and  NichoTs  [sic]  prisms  will  be  soon  superseded  by  these  new  crystals,” 
because  of  the  cost  of  the  mineral  polarizers  in  comparison  with  Herapath’s  percep¬ 
tion  of  the  cost  of  herapathite:  “there  is  not  the  least  doubt  that  before  long  these 
splendid  and  useful  crystals  will  be  offered  for  sale  by  opticians  at  as  many  shillings 
as  tourmaline  now  cost  pounds,”  he  concluded  [20].  Had  this  been  achievable,  it 
would  surely  have  been  a  boon,  given  the  acute  shortage  of  Iceland  spar  calcite  that 
would  develop  later  in  the  nineteenth  century  through  overmining  of  the  Helgustadir 
quarry  in  the  Eastern  fjords  of  Iceland,  from  which  almost  all  large,  clear  prisms  of 
optical  calcite  were  obtained  at  that  time  [21].  Haidinger  [22]  and  Valentin  [23]  also 
expressed  their  keen  interest  in  replacing  tourmaline  and  calcite  polarizers  by  her¬ 
apathite  plates.  Unfortunately,  however,  Herapath’s  expectation  was  hard  to  realize 
because  of  the  difficulty  in  growing  sufficiently  large  single  herapathite  crystals  [14]. 

Some  two  decades  after  Herapath’s  work,  Jorgensen  deduced  that  the  chemical 
formula  of  herapathite  was  TCC^oH^^Np^):  3(H2SO^),  2HI,  I^,  6(Hp).  His  1869 
doctoral  thesis  on  polyiodides  of  alkaloids  was  followed  by  a  series  of  papers  show¬ 
ing  that  herapathite  was  one  of  a  family  dichroic  polyiodide  salts  that  could  be  pre¬ 
pared  from  alkaloids  and  other  organic  bases  including  quinidine,  cinchonidine,  and 
even  aniline  and  toluidene  [24-27].  In  the  1930s,  West  showed  that  herapathite  has 
an  orthorhombic  crystal  structure  with  an  unusually  large  unit  cell:  a  =15. 15 A, 
b=  19. 24 A,  and  c  =  33.30A  [28].  However,  it  has  only  been  in  recent  years  that  the 
crystal  structure  of  herapathite  has  been  determined:  Kahr  et  al.  showed  that  herapa¬ 
thite  crystallizes  in  the  space  group  P22^2^  [29].  The  room  temperature  structure 
gave  cell  parameters  of  fl=  15.2471(3)A,  ^7=  18.8854(4)A,  and  c  =  36.1826(9)A. 
These  values  resemble  those  reported  by  West,  but  are  significantly  different.  This  is 
easily  understood  given  the  complexity  of  the  formula  unit.  The  herapathite  recently 
analyzed  contains  an  acetic  acid  molecule  in  addition  to  the  components  identified  by 
Jorgensen.  It  is  quite  likely  that  there  are  several  distinct  solvates/salts  with  slightly 
varying  composition  that  have  traditionally  fallen  under  the  name  “herapathite.”  In 
the  refined  crystal  structure,  iodine  is  wholly  in  the  form  of  triiodide  anions  lying 
roughly  parallel  to  b,  the  absorbing  axis.  A  view  of  the  crystal  structure  is  shown  in 
Figure  26.2,  in  which  there  are  three  1^“  anions  aligned  within  a  channel  created  by 
five  protonated  quinines.  The  sulfate  counterions  and  included  solvent  have  been 
removed  for  clarity.  The  large  optical  anisotropy  found  in  herapathite  has  recently 
been  shown  by  density  functional  theory  to  arise  from  transitions  between  the  molec¬ 
ular  levels  of  the  1^“  chains  [30]. 

Despite  the  difficulties  in  growing  large  single  crystals  of  herapathite  in  the 
nineteenth  century,  Ferdinand  Bernauer  succeeded  in  the  1930s  in  preparing  sheets 
of  herapathite  crystals  up  to  1  dm^  for  commercial  applications  such  as  microscope 
polarizers  [19,  31-37].  Bernauer’s  polarizers  were  manufactured  in  Jena  by  the 
German  photographic  firm  Zeiss  under  the  trade  name  Bernotar  or  Herotar  (Fig.  26.3). 
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FIGURE  26.2  Three  purple  triiodide  ions  lined  up  along  the  fe-axis  (horizontal)  within  a 
channel  created  hy  five  quinine  molecules  in  herapathite.  Molecules  of  solvation  (water  and 
acetic  acid)  as  well  as  sulfate  counterions  have  been  removed  for  clarity.  {See  insert  for  color 
representation  of  the  figure.) 
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FIGURE  26.3  Examples  of  Herotar  and  Bemotar  filters  from  1936  and  1937.  Note  the  recog¬ 
nition  of  Prof.  Bemauer  in  the  instructions  (“Gebrauchsanweisung”)  as  the  inventor  of  these 
photographic  filters.  Courtesy  of  Volkmar  Kleinfeldt.  {See  insert  for  color  representation  of 
the  figure.) 
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In  these  polarizers,  the  herapathite  single  crystals  were  sandwiched  between  plates  of 
glass.  The  most  practical  use  of  herapathite,  and  the  first  really  large-aperture  linear 
polarizer,  arose  as  a  consequence  of  Edwin  Land’s  reading  Sir  David  Brewster’s 
1858  book  on  kaleidoscopes,  in  which  herapathite  was  acknowledged  as  the  best 
polarizer  for  the  eyepiece  of  a  kaleidoscope  [38].  Land  left  Harvard  College  in  1926 
after  his  freshman  year,  moved  to  New  York  City,  and  subsequently  invented  poly¬ 
crystalline  herapathite  polarizers  consisting  of  nanocrystals  aligned  within  polymer 
sheets  [14].  At  first.  Land  aligned  ground  herapathite  particles  in  a  solution  of  nitro¬ 
cellulose  lacquer  with  a  10,000  gauss  (1  tesla)  magnetic  field.  He  obtained  strong 
dichroism  in  this  way,  demonstrating  the  principle.  This  was  to  lead  ultimately  to  the 
1933  U.S.  patent  1,918,848  describing  the  first  production  of  a  colloidal  mass  of 
herapathite  crystals  extruded  into  a  sheet  and  dried  to  produce  “a  polarizing  body 
comprising  a  set  suspending  medium  having  herapathite  particles  dispersed  and 
immovably  embedded  therein  with  their  polarizing  axes  oriented  to  be  in  substantial 
parallelism,  the  set  suspension  being  adapted  to  retain  its  polarizing  properties 
independent  of  external  support”  [39]. 

Land’s  invention  was  soon  marketed  as  “Polaroid”  which  could  be  fabricated  into 
very  large  sheets.  In  his  1938  article  reviewing  these  new  inexpensive  polarizers, 
Grabau  from  Land’s  research  laboratories  in  Boston  stated  that  “sheets  (of  Polaroid) 
thirty  inches  wide  have  long  been  on  public  display”  [40]  (e.g.,  see  Figure  26.4).  He 
noted  that  while  the  usefulness  of  Polaroid  sheets  was  limited  to  visible  light,  its  degree 
of  polarization  within  this  range  was  impressive,  greater  than  99.6%  for  light  of  wave¬ 
lengths  between  480  and  680  nm.  Grabau  went  on  to  describe  the  use  of  Polaroid  to 
eliminate  glare  in  sunglasses  and  photographic  filters,  for  petrographic  microscopy, 
and  in  photoelastic  testing,  as  well  as  for  use  in  three-dimensional  (3D)  glasses. 

Despite  the  evident  success  of  herapathite  films,  later  termed  the  J  polarizer  by 
Land  [14],  it  was  apparent  that  there  were  innumerable  chemistries  that  could  be 
harnessed  for  making  sheet  polarizers.  The  /  polarizer  was  imperfect  because  it  scat¬ 
tered  light  in  part.  Work  in  the  Land-Wheelwright  Laboratories,  renamed  the 
Polaroid  Corporation  in  1937,  produced  a  number  of  modifications  to  the  J  polarizer 
[14].  The  members  of  the  family  of  polarizers  described  by  Land  in  U.S.  patent 
2,237,567  granted  in  1941  are  based  on  staining  or  dyeing  sheets  of  stretched 
polyvinyl  alcohol,  PVA  [41].  The  preferred  method  described  in  this  patent  was  that 
of  absorbing  iodine  into  a  previously  stretched  and  cooled  sheet  of  PVA.  The  result¬ 
ing  material  was  termed  the  H  polarizer  by  Land  [14],  and  it  quickly  replaced  the  J 
polarizer  as  “Polaroid.”  Uniaxial  stretching  of  the  PVA  sheet  produced  a  preferred 
alignment  of  PVA  molecules  along  the  direction  of  elongation.  Iodine  molecules 
absorbed  into  the  PVA  film  align  preferentially  with  this  direction  causing  it  to  be  the 
one  along  which  light  from  an  unpolarized  light  source  is  absorbed  [14].  Subsequent 
work  on  the  structure  of  the  PVA-iodine  system  has  produced  a  picture  consistent 
with  a  partially  crystalline  arrangement  of  PVA  molecules  with  PVA-iodine 
complexes  formed  in  the  amorphous  PVA  regions  [42-44].  Two  other  non-iodine- 
based  methods  of  producing  polarized  sheet  material  referred  to  in  Land’s  1941 
patent  are  the  use  of  dyes  and  the  staining  of  PVA  through  the  reduction  of  dissolved 
metallic  salts,  that  is,  through  the  impregnation  into  the  PVA  sheet  of  nanoscopic 
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FIGURE  26.4  Rotating  //-sheet  train  windows,  Los  Angeles.  Polaroid  Archives,  Harvard 
University. 
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metallic  needles.  Remarkably,  these  methods  of  producing  polarizing  films  specified 
in  Land’s  1941  patent  are  still  found  in  contemporary  commercial  polarizers.  Later 
generations  of  Polaroid  had  improved  resistance  to  heat  and  moisture.  This  was 
achieved  by  immersion  in  a  solution  of  concentrated  boric  acid,  as  specified  in  U.S. 
patent  Re.  23,297  [45].  The  boric  acid  acted  as  a  crosslinking  agent  in  the  PVA  film, 
causing  it  to  have  a  higher  glass  transition  temperature  and  a  reduced  tendency  to 
crystallize  [46].  Intriguingly,  following  the  invention  of  the  H  polarizer,  Zeiss 
continued  to  market  polarizing  camera  filters  5  cm  in  diameter  under  the  name 
Bernotar.  On  dismantling  a  Bernotar  camera  filter  made  in  the  late  1940s,  one  of  us 
(BK)  found  that  Zeiss  was  then  using  polymer  sheets  as  the  polarizing  material,  as 
opposed  to  large  herapathite  single  crystals. 


26.3  MODERN  POLARIZING  FILMS 

Iodine  is  no  longer  critical  to  the  preparation  of  polarizers,  of  which  there  are  now 
innumerable  types  depending  on  the  wavelengths  of  interest  and  the  applications. 
These  are  reviewed  authoritatively  by  Bennett  [47].  Today,  calcite  polarizing  prisms 
tend  to  be  of  the  Glan-type  named  after  Paul  Gian  [48].  These  prisms  have  the  optical 
axes  of  the  calcite  in  the  entrance  and  exit  planes  in  order  to  maximize  the  refractivity 
difference  between  the  two  rays  in  the  birefringent  components.  Wire-grid  polarizers 
transmit  the  E  field  orthogonal  to  closely  spaced  parallel  wires,  whereas  the  orthog¬ 
onal  component  is  dissipated.  Such  materials  have  recently  been  reinvented  as 
so-called  plasmonic  polarizers,  sometimes  integrated  with  solid-state  laser  gain 
media.  The  phenomena  of  diffraction,  interference,  scattering,  and  nonnormal  reflec¬ 
tion  and  transmission  have  all  been  exploited  to  fashion  practical  light  polarizers. 
The  central  role  of  iodine  is  waning.  At  the  same  time,  the  promise  of  plastic  elec¬ 
tronics  has  inspired  an  enormous  effort  in  the  synthesis  of  single  molecular  crystal 
films  [49].  As  these  crystal  growth  techniques  are  refined,  perhaps  it  may  become 
possible  one  day  to  realize  the  dream  of  growing  enormous  plates  of  herapathite, 
large  enough  to  cover  car  windscreens. 
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27.1  INTRODUCTION 


Iodine  and  its  compounds  play  critical,  indispensable,  and  versatile  roles  in  polymeri¬ 
zation  and  polymer  synthesis,  perhaps  much  more  important  than  generally  perceived. 
In  chain-growth  or  addition  polymerization  of  alkenes  or  vinyl  monomers  (Eq.  27.1), 
for  example,  it  indeed  dates  hack  to  the  late  nineteenth  century  that  a  mixture  of 
molecular  iodine  and  styrene  was  found  to  give  a  viscous  solution,  particularly  under 
visible  light,  which  is  now  understood  as  a  cationic  polymerization  of  styrene  where 
iodine  is  an  initiator.  Iodine  and  alkyl  iodides  are  also  well-known  chain-transfer 
agents  in  radical  polymerization  to  reduce,  or  more  positively,  adjust  polymer  molec¬ 
ular  weights.  In  organometallic  chemistry,  a  variety  of  metal  iodides  and  metal-iodide 
complexes  often  catalyze  interesting  polymerizations  by  varying  mechanisms. 


CH2=CH 
^  I 
OR 

Monomer 


Initiator  (X-Y) 
Polymerization 


X- 


CHj-CH- 

I 

OR 


Polymer 


(27.1) 


The  versatility  of  iodine  and  iodides  in  part  stems  from  the  fact  that  carhon-iodine 
and  iodine-iodine  bonds  can  be  cleaved  both  heterolytically  (or  ionically)  and 


Iodine  Chemistry  and  Applications,  First  Edition.  Edited  by  Tatsuo  Kaiho. 

©  2015  John  Wiley  &  Sons,  Inc.  Published  2015  by  John  Wiley  &  Sons,  Inc. 


489 


490 


IODINE  IN  POLYMER  SYNTHESIS 


homolytically  (or  radically).  As  substituents,  more  specifically,  iodine  are  character¬ 
ized  as  (i)  weakly  electron-withdrawing,  (ii)  soft  or  readily  polarizable,  and  (iii) 
resonance-inducing,  and  thereby  they  acts  as  a  Lewis  acid  (electron  acceptor),  a  good 
leaving  group,  and  a  radical  acceptor,  among  others,  depending  on  monomers  and 
reaction  conditions.  Because  of  these  dual  or  multiple  characters,  cationic  and  rad¬ 
ical  polymerizations  are  where  molecular  iodine,  alkyl  iodide,  iodide  salts,  and 
metal-iodide  complexes  find  widespread  usages  and  critical  functions,  including 
those  as  initiators,  catalysts,  end-capping  agents,  and  chain-transfer  agents,  as  sum¬ 
marized  in  Figure  27.1. 

In  addition  to  these  characteristics  and  roles,  however,  the  importance  of  iodine  in 
polymer  synthesis  has  increasingly  been  recognized  in  the  last  two  decades  when  a 
number  of  precision  and  living  polymerizations  have  extensively  been  developed 
around  the  world.  As  discussed  in  the  following  sections,  the  roles  of  iodine  and 
iodine  compounds  in  these  precision  polymerizations  are  not  only  to  initiate  or  affect 
but  to  control  the  reactions  as  well,  and  in  not  a  few  cases,  iodine  compounds  are  so 
critically  important  and  essential  that  some  of  precision  polymerizations  would  not 
be  possible  without  them. 


Iodine:  Versatile 

An  important  element  in  precision  polymerizations 

•  Iodine:  mildly  electron-withdrawing 

resonance-inducing  (soft /polarizable) 

Good  leaving  group-initiator  (Cationic /Radical) 
■=>  Good  ligand -catalyst  (Lewis  acid /Metal  complex) 


•  Functions  in  polymerization 


Function 

Cationic 

polymerization 

Radical 

polymerization 

Initiator 

z - s  MX,, 

(R  I)  'V  R++-I  MX,, 

(R^  RVI-ML„ 

Catalyst 

(mx„) 

R— I  ^ - >  R++  I-MX„ 

(MX„:l2,Znl2,  etc.) 

(ml„) 

R— I  ^ »  R*+I-ML„ 
(ML„:FeCpI(CO)2,etc.) 

End¬ 

capping 

(  R4N+L) 

P+  ^ \  P  T 

GD 

D*  -  ^  p  T 

(Dormant) 

(Dormant) 

Chain 

transfer 

0.  S 

P*  - ►  P—I+R* 

(Dormant) 

FIGURE  27.1  Iodine:  important  and  versatile  in  cationic  and  radical  polymerizations. 
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This  chapter  is  an  updated  overview  focused  on  the  versatile  functions  of  iodine 
and  its  compounds  in  precision  and  living  polymerizations.  Comprehensive  reviews 
are  available  for  both  living  cationic  and  living  radical  polymerizations,  along  with 
original  papers  [1-4].  In  particular,  Ref.  [3]  includes  reviews  published  by  the  author 
and  his  coworkers  to  cover  recent  advancements  up  to  2012. 

27.2  LIVING  POLYMERIZATION  AND  PRECISION 
POLYMERIZATION 

Chain-growth  (addition)  polymerization  primarily  consists  of  initiation  (intermediate 
formation  from  an  initiator),  propagation  (chain  growth),  chain  transfer,  and  termi¬ 
nation.  While  the  first  two  are  responsible  for  generation  and  formation  of  polymers, 
the  latter  two  are  major  chain-breaking  side  reactions  that  reduce  polymer  molecular 
weight  and  deteriorate  the  primary  architecture  of  the  resulting  macromolecules. 
This  is  why  conventional  addition  polymerizations,  however  useful  and  efficient  in 
polymer  production  they  might  be,  often  fail  to  give  precisely  controlled  and 
well-defined  polymers. 

Living  polymerization  is  defined  as  a  chain-growth  polymerization  free  from 
chain-transfer,  termination,  and  other  chain-breaking  reactions  (Fig.  27.2).  Thanks 
to  the  absence  of  these  side  reactions,  the  growing  species  (reaction  intermediates) 
remain  active  throughout  the  polymerization,  thereby  enabling  precision  control  of 


•  What  is  Living  polymerization? 


Active  site 


Catalyst  site 


Mol.  Weight 


No  chain  transfer 
No  termination 


z: 


Precision  control 
designed  polymers 
Novel  functions 


Conversion 


Mol  .Weight 


•  Precision  polymer  synthesis :  functional  polymers 
End-function 
polymers 
Block  copolymers 
(Amphiphilic,  etc.) 


FIGURE  27.2  Living  polymerization:  definition  and  features. 
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molecular  weights  (directly  proportional  to  monomer  conversion)  and  architectures 
of  resulting  polymers.  Given  increasing  demands  on  advanced  new  polymeric 
materials,  living  polymerization  is  considered  among  the  best  methods  to  synthe¬ 
size  as-designed,  well-defined,  and  tailor-made  polymers.  In  a  more  general 
context,  living  polymerization  and  related  reactions  are  known  as  precision 
polymerization. 


27.3  IODINE  IN  LIVING  CATIONIC  POLYMERIZATION  CATIONIC 
POLYMERIZATION:  PROBLEMS  IN  CONTROL 

Cationic  polymerization  of  alkene  monomers  is  a  chain-growth  reaction  mediated  by 
a  carbocationic  intermediate,  and  mechanistically  similar  to  electrophilic  addition  in 
organic  chemistry  (Fig.  27.3).  More  than  100  monomers  with  electron-donating  sub¬ 
stituents,  typically  isobutene  and  vinyl  ethers,  can  be  polymerized  by  this  mecha¬ 
nism,  and  some  processes  (butyl  rubber  production  from  isobutene)  are  commercially 
important. 

Cationic  vinyl  polymerization,  however,  is  quite  prone  to  chain  transfer,  due  to  the 
highly  reactive  but  unstable  carbocationic  growing  species  where  the  p-protons  of 
the  active  site  are  acidic  and  thereby  susceptible  to  nucleophilic  attack  by  monomers 
and  counteranions,  and  thus  the  process  has  been  considered  to  be  beyond  precision 
control  required  for  living  polymerization. 


Cationic  polymerization  of  vinyl  monomers 
Elementary  reactions  —  challenges 

Monomer  Initiator  -CH 

CH,  CH  A+B-  _  A-CH2-CH . B-  R 

I  - ►  I 

R  Initiation  R  ‘ *  *-. 

Propagation 


1  + 

-CHj-CH- 

-CH-CH—B  - 

R 

n 

^ 

Chain 

transfer 


Growing  carbocation 
(Not  stable) 


Termination 


•CH=CH 

R 


+  HB 


•CHj-CH— B 
R 


•  Problems  -Chain  transfer /Termination /Side  reactions 

•  Disadvantages -VncontroWabXe 

III  -  defined  polymer  structures 
low  polymer  molecular  weights 
(low  temperature  required) 


FIGURE  27.3  Cationic  polymerization  of  vinyl  monomers:  mechanism  and  problems. 
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27.4  LIVING  CATIONIC  POLYMERIZATION 

Despite  such  general  perception  for  a  more  than  a  century,  in  1984  Higashimura  and 
the  author  reported  the  first  example  of  living  cationic  polymerization  for  vinyl 
monomers  (Fig.  27.4).  Therein,  critical  are  combinations  of  hydrogen  iodide  or  alkyl 
iodide  as  an  initiator  and  molecular  iodine  or  zinc  iodide  as  a  mild  Lewis  acid  or  a 
catalyst,  and  the  initiator-catalyst  pairs  are  often  known  as  initiating  systems. 

Obviously,  in  the  mechanism,  iodine  compounds  are  essential  in  attaining  living 
cationic  polymerization,  and  their  roles  are  multiple,  acting  as  initiator,  catalyst,  and 
end-capping  agent,  depending  on  where  iodine  is  located  (Fig.  27.5).  Thus,  the 
carbon-iodine  bond  in  the  initiator  is  ionically  cleaved  by  the  catalyst,  to  induce 
carbocation  formation  and  its  propagation.  Different  from  those  in  conventional 
(nonliving)  cationic  polymerization,  the  iodine-assisted  generation  of  the  growing 
carbocations  is  reversible,  that  is,  while  reacting  with  electron-rich  monomers,  they 
sooner  or  later  recombine  (become  end-capped)  with  the  iodine  in  the  counteranion, 
thus  regenerating  a  terminal  with  a  carbon-iodine  bond.  This  covalent  terminal  there¬ 
fore  functions  as  “dormant”  species,  which  is  critical  in  controlling  cationic  propaga¬ 
tion,  particularly  in  suppressing  chain  transfer  via  proton  elimination  (cf..  Fig.  27.3). 
In  some  cases,  addition  of  alkylammonium  iodide  enhances  the  formation  of  dormant 
ends  in  polar  media,  thus  leading  to  another  living  cationic  process. 

Subsequent  extensive  studies  have  led  to  a  variety  of  initiating  systems  (Fig.  27.6) 
to  be  applicable  to  nearly  all  of  cationically  polymerizable  vinyl  monomers,  some  of 


Iodine-based  initiating  systems 


(Lewis  acid-catalyzed  living  cationic  polymerization) 


[  initiator) 


[  Catalyst) 


6-1  6- 


CH2=CH  H-CH2-CILI  ^2  I^CH2-CH  -I' . -L 


CH2=CH 

OR 


OR 


(HI/I2  System 


OR  OR 

6-1-  6- 

H-k  CH2-CH'L  CHj-CH  -•I-- 12 


OR 


OR 


Living 

polymer 


( initiator)  ( Catalyst)  5+  6-  CH2=CH 

CH2=CH  JR^h-CH2-CH-I  Znl2^  I  -  Znl2_ 

OR  OR  OR 


OR 


(HI/ZnL  System 


6-1  6- 

H-  -CH2-CH-  -CH2-CH  -I--  Znl2 


OR 


OR 


Living 

polymer 


R4N+L 


7nU  6-1-  6- 

- CH2-CH-I  - CH2-CH  T-  Znl2  - CH2-CH-I 

OR  ^R  OR 

Dormant  Active  Dormant 


FIGURE  27.4  Living  cationic  polymerization  with  iodine-based  initiating  systems:  note 
that  iodine  is  present  in  both  the  initiator  and  the  catalyst,  playing  a  critical  role. 
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•  Functions  in  cationic  polymerization 


Function 

General 

Typical  examples 

Initiator 

, - ,MX„ 

(RHJ - ►  R+-h-I-MX„ 

Alkyl  iodine 

CH3  CH  I  HI 
OR 

Catalyst 

(mjD 

R  l' - -  R+-H-I  MX„ 

(ML„ :  I2,  Znl2,  etc.) 

Lewis  acid 

I2 

End¬ 

capping 

(R4NH-) 

P+  ^  P  I 

{Dormant) 

[R4NH“]  Iodide  salt 
«Bu4N+r 

FIGURE  27.5  Iodine  in  living  cationic  polymerization:  multiple  functions. 


Initiating  systems  for  living  cationic  polymerization  (HB/MX„) 


CHo  =  CH  ™ 

MX„ 

H-CHo-CH-B  " 

6-1-  6- 

~«»»vCH2-CH-B . MX„ 

1 

OR 

1 

OR 

1 

OR 

\  Protonic  acids  (HB): 

HX  RCO2H 


HCI 

HBr 

O 


CF3CO2H 

CHCL2CO2H 

CH2CL2CO2H 

CH3CO2H 


R 


CO2H 


O2N 

O2N-O-CO2H 

O2N-O-CO2H 

CI-Q-CO2H 


O 


R‘  'I 


R2 


P-  OH 


O 

PhOv'i 

>-  OH 

PhO 

O 

Ph 

y- OH 
Ph''^ 

O 

OH 

H 


RSO3H 


CH3SO3H 


•  Lewis  acids  ("MX,,):  (Zn^,  ZnBr2,  ZnCl2;  (Snj^,  SnCl2; 

Znl(acac)2,  Al(acac)3,  Fe(acac)3 

FIGURE  27.6  Initiating  systems  for  living  cationic  polymerization;  note  that  iodine  com¬ 
pounds  (enclosed  in  the  figure)  are  often  employed. 


which  cairy  functional  and  polar  pendent  substituents  (Fig.  27.7).  With  these,  living 
cationic  polymerization  is  also  very  effective  in  precision  polymer  synthesis,  that  is, 
the  synthesis  of  polymers  with  well-defined  molecular  weights,  architectures,  and 
functions,  including  block  polymers,  amphiphilic  polymers,  polymers  with  pendent 
functions,  end-functionalized  polymers,  star-shaped  macromolecules,  among  many 
others,  some  of  which  are  finding  industrial  applications. 
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Living  cationic  polymerization:  Monomers 


Vinyl 

ethers 


CH2=CH 

OR 

CH,-CH=CH 
^  I 

OR 


CH2=CH 

,o 


Cft 


'OCCH3 

II 

o 


=CH 

I 

Cch'CO^ET 

'C02ET 

(Functional) 


CH2=CH 

^0 


■"N 


o 


Styrenes 


CH2=CH 

CH2=CH 

CH2=CH 

0 

OR 

CH3 

Cl 

CH3 

CH2=OT 

CH=CH 

CH2=C 

6 

Styrene 

Indene 

a-Methyl- 

styrene 

V-Vinyl- 

carbazole 


Isobutene 


CH3 

CH2=i 

CH3 


FIGURE  Tin  Monomers  for  living  cationic  polymerization,  leading  to  a  variety  of  preci¬ 
sion  polymers  of  well-designed  functions. 


27.5  IODINE  IN  LIVING  RADICAL  POLYMERIZATION 
27.5.1  Radical  Polymerization:  Problems  in  Control 

Azo,  peroxide,  and  related  radical-generating  compounds  initiate  a  chain-growth 
polymerization  of  vinyl  monomers  via  carbon-radical  intermediates,  generally 
coined  as  radical  polymerization  (Fig.  27.8).  Feasible  under  relatively  mild  condi¬ 
tions  and  even  in  water  (emulsion  and  dispersion),  this  is  among  the  most  important 
addition  polymerizations,  rivaling  coordination  counterparts  for  a-olefms  (ethylene, 
propylene,  etc.),  that  have  widely  been  employed  for  commercial  mass-scale  produc¬ 
tion  of  polymeric  materials. 

Despite  these  advantages  and  extensive  industrialization,  radical  polymerization 
inherently  involves  serious  side  reactions,  most  important  of  which  are  radical 
recombination  and  disproportionation,  or  collectively  bimolecular  termination 
(Fig.  27.8).  Thus,  similar  to  cationic  analogs,  radical  polymerization  has  also  been 
considered  to  be  beyond  precision  reaction  control,  though  the  reasons  for  the  prob¬ 
lems  are  different  (chain  transfer  for  cationic  versus  termination  for  radical). 


27.5.2  Living  Radical  Polymerization:  Metal-Catalyzed  Systems 

In  1995,  however,  the  author  and  his  group  developed  another  living  process:  Living 
radical  polymerization  mediated  by  binary  initiating  systems  consisting  of  an  alkyl 
halide  (initiator)  and  a  transition  metal  complex  (catalyst)  (Fig.  27.9).  The  metal 
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Radical  polymerization  of  vinyl  monomers 
Elementary  reactions -challenges 


x-x - ►  X*  +  X* 

Initiation 

X*  +  CH2  ^CH  - ►  X— CH2-CH 

I  1 

R  R 


Monomers 

CHj^CH 

I 

R  - CH2-CH 

R 

Propagation  Polymer 


- CH2-  CH 

R 

- CH2-  CH 
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FIGURE  27.8  Radical  polymerization  of  vinyl  monomers:  mechanism  and  problems. 


Transition  metal-catalyzed  living  radical  polymerization 
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FIGURE  27.9  Living  radical  polymerization  with  transition  metal  catalysts:  a  general 
mechanism  for  precision  control. 
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Iodine-based  initiating  systems  for  acrylates 
(Fe-catalyzed  living  radical  polymerization) 

Catalyst  •  lodine.Good  ligand-catalyst 

•  Iodine:  Good  leaving  group-initiator 


(Catalyst] 
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CO2R 

Active  (Radical) 


FIGURE  27.10  Iodine  in  transition  metal-catalyzed  living  radical  polymerization:  initiators 
and  catalysts  for  acrylates. 


catalyst  homolytically  but  reversibly  cleaves  the  carbon-halogen  bond  in  the  initiator 
and  dormant  growing  ends  to  induce  radical  formation  and  its  growth. 

Herein,  iodine  also  plays  a  key  role  as  a  readily  polarizable  leaving  group  in  the 
initiator  as  well  as  resonance-inducing  ligand  in  the  metal  complex  catalyst  and  is 
particularly  useful  for  acrylates  (Fig.  27.10).  Thus,  the  carbon-iodine  bonds  in  alkyl 
and  perfluoroalkyl  iodides  and  in  the  growing  ends  are  also  efficient  chain-transfer 
agents  for  radicals,  and  they  also  facilitate  the  formation  of  dormant  species  from 
growing  radicals,  thus  realizing  living  (or  iodine-transfer)  radical  polymerizations  of 
vinyl  acetate  and  tetrafluoroethylene.  Figure  27.11  summarizes  such  versatile 
functions  of  iodine  in  living  and  precision  radical  polymerization;  see  also  Figure  27.5 
for  comparison  with  the  iodine’s  roles  in  living  cationic  polymerization. 

As  with  the  cationic  counterparts,  extensive  and  worldwide  research  has  led  to  a 
wide  variety  of  living  radical  polymerization  with  transition  metal  catalysts  (Refs. 
[3e]  and  [3f]).  This  includes  systematic  search  of  initiators  and  metal  catalysts 
(Fig.  27.12),  as  well  as  reaction  mechanisms,  and  once  again  iodine  has  turned  out  to 
be  uniquely  versatile  as  ingredients  in  initiators  (iodides),  catalysts  (metal  complexes), 
and  end-capping  agents  (or  chain-transfer  agents)  for  effective  generation  of  dormant 
species  (cf..  Fig.  27.11). 

Further,  the  scope  of  monomers  to  be  applicable  to  these  precision  polymeriza¬ 
tions  is  expanding  to  include  most  radically  polymerizable  alkenes  (methacrylates, 
acrylates,  acrylamides,  styrene,  etc.)  (Fig.  27.13).  Importantly,  precision  or  living 
radical  polymerizations  of  some  important  monomers  are  possible  only  with  iodine 
compounds  as  initiators;  such  monomers  include  acrylates  and  vinyl  acetate,  along 
with  ethylene/acrylate  for  copolymerization.  Note  that  these  monomers  generally 
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•  Functions  in  radical  polymerization 
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FIGURE  27.11  Iodine  in  living  radical  polymerization:  multiple  functions  in  relation  to 
transition  metal  catalysts  as  well  as  chain-transfer  agents. 


Transition  metal  complexes  for  living  radical  polymerization 


FIGURE  27.12  Transition  metal  complexes  for  catalysts  in  transition  metal-catalyzed 
living  radical  polymerization.  Note  that  almost  all  catalysts  thus  far  developed  contain 
halogen(s)  attached  to  the  metal  center;  some  elTective  catalysts  are  in  fact  metal  iodides  with 
which  iodide  initiators  are  preferably  combined. 


IODINE  IN  LIVING  RADICAL  POLYMERIZATION 


499 


Living  radical  polymerization:  monomers 

•  Living  polymn:  achieved 

CH3  CH3  CH3  CH3 
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CH2  =  CH  CH2  =  CH  CH2=CH 

6  0  0 

Me  Cl 


•  Living  polymn: 
Not  achieved 


CH2=CH2  CH2=CH 
CH2=CH-CH=CH2 


CH2=CH 

OCOCH3 


FIGURE  27.13  Monomers  for  transition  metal-catalyzed  living  radical  polymerization. 
Note  some  of  them  carry  unprotected  polar  functions  that  are  often  excluded  for  use  in  ionic 
living  polymerizations  and  coordination  polymerizations. 


Transition  metal-mediated  living  radical  polymerization: 
precision  polymer  synthesis 
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FIGURE  27.14  Precision  functional  polymers  and  related  polymeric  materials  hy  transition 
metal-catalyzed  living  radical  polymerization. 
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involve  less  stable  growing  radicals  that,  in  turn,  form  dormant  species  with  homo- 
lytically  less  dissociable  carbon-halogen  covalent  terminals,  particularly  with  chlo¬ 
rine  and  bromine,  and  thus  a  carbon-iodine  terminal  is  essential. 

Equally  important,  recent  extensive  developments  have  inspired  “precision 
polymer  synthesis”  by  living  cationic  and  living  radical  polymerizations  (the  latter 
employed  far  more  frequently),  particularly  with  the  use  of  monomers  with  functional 
pendent  groups,  and  a  vast  variety  of  functional  polymers  have  been  synthesized 
(Fig.  27.14).  Given  far  more  general  importance  in  radical  polymerization,  extensive 
research  and  development  is  under  way  in  industry  as  well  as  in  academia,  and  iodine 
and  iodine  compounds  will  certainly  play  a  critical  role  in  these  developments. 
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28.1  BACKGROUND 

Since  the  pioneering  work  by  Honda  and  Fujishima  in  the  1960s,  the  photoelectro¬ 
chemical  cell  attracted  an  increasing  level  of  research  interest  [1].  The  1960s-1980s 
offered  several  important  advances,  not  the  least  because  of  the  work  by  the 
groups  of  H.  Gerischer  (MPI  Berlin)  [2],  R.  Memming  (University  of  Hamburg) 
[3],  M.  Gratzel  (Ecole  Polytechnique  Federate  de  Lausanne,  EPFL)  and  others 
aiming  at  a  dye-sensitized  solar  cell  (DSSC)  [4],  Step-by-step  suitable  combina¬ 
tions  of  materials  were  identified,  and  in  1991  the  Nature  paper  by  Gratzel  and 
O’Regan  marked  a  dramatic  improvement  by  incorporating  a  nanostructured  semi¬ 
conductor  substrate  to  the  DSSC  [4].  The  consequence  in  terms  of  a  large  increase 
in  effective  surface  for  the  adsorption  of  the  sensitizing  dye  molecules  generated  a 
large  leap  from  conversion  efficiencies  below  1%  to  efficiencies  above  7%.  By  this 
groundbreaking  paper,  although  initially  met  with  some  distrust,  the  whole  research 
field  was  converted  from  an  academic  research  field  into  that  of  an  emerging  solar 
cell  technology  with  the  potential  to  take  up  the  challenge  from  established  solar 
cell  technologies. 

A  DSSC  is  in  principle  conceptually  very  simple  (see  Fig.  28.1);  it  consists  of  only 
three  components:  two  electrodes,  of  which  at  least  one  is  photosensitive,  and  an  elec¬ 
trolyte.  The  analogy  to  other  electrochemical  cells,  such  as  a  battery,  a  fuel  cell,  or 
even  the  pioneering  water- splitting  cells  by  Honda  and  Fujishima,  is  obvious  [1]. 
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SnOjiF  (FTO) 


FIGURE  28.1  A  schematic  view  of  the  DSSC  device  highlighting  the  role  of  the  sensitizing 
dye.  The  figure  is  taken  from  Ref.  [5]. 


The  overall  function  of  a  DSSC  is  schematically  shown  in  Figure  28.1  and  can 
be  described  as  follows  [6]:  The  dye  molecules  absorbs  light  and  as  a  consequence 
the  photon  energy  is  transferred  to  an  electron,  resulting  in  a  dye-excited  state. 
Since  the  dye  molecules  are  attached  to  a  nanostructured,  wide  bandgap  semicon¬ 
ductor  substrate  it  is  injected  into  the  conduction  band  of  the  semiconductor.  In 
this  type  of  cells,  the  semiconductor  is  typically  denoted  as  of  n  type  and  the 
mesoporous  film  is  a  few  micrometers  thick.  The  film  thickness  is  controlled 
depending  on  semiconductor  material,  sensitizing  dye,  and  electrolyte  system 
used.  The  electron  concentration  gradient  in  the  mesoporous  film  causes  diffusion 
of  the  energy-rich  electrons  to  the  back  contact  of  the  transparent  and  conducting 
glass  substrate.  The  energy-rich  electrons  can  then  be  used  or  their  energy  stored. 
The  less  energy-rich  electrons  are  led  back  to  the  counterelectrode,  typically  made 
of  an  inert  conducting  material,  transferring  the  electron  back  to  the  electrolyte 
system.  In  the  final  step,  closing  the  electron  transport  cycle,  the  redox-active 
electrolyte  transports  the  electron  back  to  the  oxidized  dye  molecules,  and  through 
regeneration  (reduction)  the  dye  molecules  are  ready  to  absorb  light  again  in  a 
regenerative  system.  It  is  as  redox-active  electrolyte  agents  that  iodine  has  come 
to  play  an  important  role. 

In  the  1991  Nature  paper,  the  state-of-the-art  materials  used  involved  a  working 
electrode  consisting  of  10-20nm  sintered  TiO^  particles  sensitized  by  metal-organic 
dyes  based  on  Ru,  a  counterelectrode  consisting  a  platinized  Fluorine-doped  tin 
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oxide  (FTO)  substrate  and  a  redox-active  electrolyte  based  on  an  organic  solvent  and 
I7I,“  as  the  redox  system.  Remarkably,  in  spite  of  about  20  years  of  intense  research, 
this  combination  of  materials  has  only  very  recently  been  challenged  in  terms  of  both 
conversion  efficiency  and  long-term  stability.  This  fact  highlights  the  complexity  of 
the  conceptually  simple  DSSC  devices. 

Focusing  on  the  171^“  redox  system,  it  was  far  from  an  obvious  choice.  Initial 
attempts  included  quinones,  hexecyanoferrates,  and  in  particular  bromide  [7]. 
However,  in  combination  with  the  Ru-based  dyes  used,  iodide  was  singled  out  as 
an  efficient  agent  for  the  central  dye  regeneration  process.  In  a  regenerative  solar 
cell  process,  the  resulting  oxidized  species  from  the  dye  reduction  is  triiodide, 
thus  forming  an  I  redox  system.  Of  course,  adding  iodine  to  the  electrolyte 
system  from  the  start  allows  control  of  energy  levels  and  central  processes  in  the 
DSSC  device. 

In  the  following,  the  role  and  state  of  knowledge  regarding  the  iodine-based  redox 
systems  will  be  handled  at/in  the  three  components  of  the  DSSC  separately;  at  the 
photoelectrode,  at  the  counterelectrode,  and  finally  in  the  electrolyte.  In  this  context, 
it  should  be  noted  that  essentially  all  information  communicated  refers  to  n-type 
DSSC  devices,  and  that  similar  descriptions  regarding  the  role  of  iodine  can  also  be 
made  for  p-type  DSSCs  [8]. 


28.2  IODINE  AT  THE  PHOTOELECTRODE 
28.2.1  Regeneration  of  the  Sensitizing  Dye 

Regeneration  of  the  oxidized  dye  at  the  photoelectrode  is  a  central  process  in  the 
DSSC.  In  this  aspect,  other  redox  systems  have  been  found  to  regenerate  (reduce)  the 
dye  molecules  at  a  higher  rate  than  the  iodide  ion  of  the  171^“  system.  However,  as 
will  be  discussed  later,  a  successfully  working  redox  system  must  also  fulfill  other 
requirements  in  order  to  qualify  as  a  plausible  redox  system  for  DSSCs. 

In  the  regeneration  step,  the  concept  of  overpotential  is  often  discussed.  By 
overpotential  is  normally  meant  the  difference  between  the  energy  of  the  sensi¬ 
tizing  dye  HOMO  (highest  occupied  molecular  orbital)  and  the  energy  (potential) 
of  the  redox  system  in  the  electrolyte.  Thermodynamically,  it  is  often  found  that  an 
overpotential  (also  sometimes  referred  to  as  “driving  force”)  must  exist  for  the 
electron  transfer  from  the  reduced  form  of  the  electrolyte  redox  system  to  the  oxi¬ 
dized  sensitizing  dye  to  take  place  at  a  reasonable  rate.  An  optimal  overpotential 
for  reduction  of  the  sensitizing  dyes  is  typically  found  to  be  in  the  range  of  0.25  V 
[9].  However,  for  the  171,,“  system  to  regenerate  a  sensitizing  dye  at  sufficiently 
high  rates,  an  overpotential  in  the  range  of  0.5  V  is  noted.  Only  rather  recently 
could  Boschloo  and  Hagfeldt  show  that  this  seemingly  unnecessarily  high  overpo¬ 
tential  could  be  traced  to  the  two-electron  character  of  the  I  /Ij^  system  [10].  Of 
course,  the  Nernst  equation  shows  that  the  overpotential  can  be  massaged  a  bit 
through  the  concentrations  and  relative  concentrations  of  the  iodide  ions  and 
iodine,  although  other  factors  again  come  into  play  limiting  the  degrees  of  freedom 
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FIGURE  28.2  The  two-step  mechanism  of  sensitizing  dye  molecule  regeneration  of  the 
iodide/triiodide  redox  mediator.  The  figure  is  taken  from  Ref.  [10]. 


(see  the  later  section  on  the  electrolyte).  In  fact,  the  reduction  process  can  be 
divided  into  two  steps,  into  two  linked  redox  systems — the  I  /Ij^  and  the  Vl\^  sys¬ 
tems — where  the  overpotential  of  the  latter  is  only  0.2-0.3V.  The  loss  of  another 
0.2-0.3  V  thus  represents  an  intrinsic  property  of  the  redox  system  as  a  whole  and 
is  thus  difficult  to  circumvent  (Fig.  28.2).  This  insight  has  recently  triggered  an 
intense  search  for  alternative  and  one-electron  redox  systems. 

The  mechanism  of  regeneration  has  been  extensively  studies  by  a  selection  of 
experimental  techniques.  In  a  recent  review  by  Meyer  and  coworkers  it  is  stated 
that  although  1^“  is  clearly  formed  (Eq.  28.1)  with  a  subsequent  disproportion¬ 
ation  to  give  Ij^  (Eq.  28.2),  it  is  not  experimentally  verified  that  is  formed 
directly  through  a  concerted  interaction  of  the  oxidized  dye  molecule  with  two 
iodide  ions  [11]. 


I  + 1  — ^  I2  "He 

(28.1) 

[j  +1^  ^ij  -i-i 

(28.2) 

However,  theoretically,  different  plausible  mechanisms  of  dye  reduction  have 
been  studied  and  suggest  a  concerted  reaction  of  two  iodide  ions  initiating  the  elec¬ 
tron  transfer  to  the  oxidized  dye  resulting  in  the  I-l  bond  formation  in  an  If  radical 
anion.  In  studies  involving  metal-organic  dye  models  the  reaction  may  take  place  via 
an  outer-sphere  or  an  inner-sphere  mechanism,  although  the  former,  which  is 
enhanced  by  ligand  interactions,  is  slightly  favored  (Eig.  28.3)  [12].  Also,  indirect 
support  for  an  outer-sphere  reaction  is  gained  from  the  very  similar  process  noted  for 
models  based  on  organic  dye  molecules  [13].  Subsequent  and  more  advanced  studies 
involving  also  ab  initio  molecular  dynamics  offer  support  to  the  two-step  mechanism 
proposed. 
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FIGURE  28.3  Outer-sphere  binding  of  in  a  N3  dye  model.  The  figure  is  taken  from 
Ref.  [12].  {See  insert  for  color  representation  of  the  figure.) 


28.2.2  Recombination  Loss  Reactions 

The  electrons  injected  into  the  semiconductor  substrate  by  the  photoexcited  dye 
molecules  move  toward  the  back  contact  by  a  diffusion  mechanism.  However,  not 
all  energy-rich  electrons  reach  the  back  contact  to  allow  their  energy  to  be  har¬ 
vested.  There  are  several  loss  mechanisms;  some  are  inherent  in  the  nanostructured, 
semiconductor  material,  some  involve  the  trivial  reduction  of  adsorbed  and  oxidized 
dye  molecules,  and  others  involve  backdonation  to  the  redox-active  electrolyte, 
solid,  or  liquid.  In  the  case  of  DSSCs  based  on  a  liquid,  iodide/triiodide-based  elec¬ 
trolyte,  the  most  likely  target  of  loss  recombination  is  to  an  oxidized  component  of 
the  redox  system.  In  this  case,  either  the  triiodide  ions  or  iodine  molecules  dissolve 
in  the  electrolyte.  Since  the  triiodide  ion  and  iodine  are  involved  in  a  labile 
equilibrium  (Eq.  28.3), 


r+IjD  V  (28-3) 

It  is  not  obvious  which  of  the  two  is  the  main  target  of  reduction.  Equilibrium  (Eq. 
28.3)  is  also  affected  by  the  polarity  of  the  electrolyte  solvent  and  the  relative  amounts 
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FIGURE  28.4  A  schematic  view  of  the  recombination  loss  reaction  to  1^".  The  figure  is  taken 
from  Ref  [14]. 

of  iodide  salt  and  iodine  added  to  the  electrolyte.  Typically,  a  rather  polar  organic 
solvent  or  an  ionic  liquid  is  used  as  solvent  in  liquid-based  DSSCs.  This  means  that 
the  equilibrium  constant  of  (Eq.  28.3)  favors  the  triiodide  state.  This  tendency  is  fur¬ 
thermore  enhanced  by  the  considerably  higher  concentration  of  iodide  than  iodine  in 
the  electrolyte.  The  reason  for  the  choice  of  a  high  iodide  concentration  is  to  promote 
an  efficient  regeneration/reduction  of  the  dye  molecules,  and  the  reason  for  a  compa¬ 
rably  low  (but  sufficiently  high)  iodine  concentration  is  to  allow  efficient  reduction 
of  iodine/triiodide  at  the  counterelectrode  and  at  the  same  time  reduce  recombination 
losses  at  the  working  (photo)electrode  [6]. 

Recombination  losses  may  occur  either  directly  from  the  semiconductor  substrate 
surface  or  via  the  adsorbed  dye  molecules.  Which  mechanism  dominates  is  highly 
dependent  on  the  contents  of  the  electrolyte,  as  well  as  the  type  of  dye  and  the  degree 
of  dye  coverage. 

Since  equilibrium  (Eq.  28.3)  is  strongly  shifted  toward  the  triiodide  ion,  it  is 
tempting  to  assume  that  recombination  losses  predominantly  take  place  through  the 
reduction  of  triiodide  ions.  However,  O’Regan  and  coworkers  recently  showed  that 
instead  iodine  molecules  are  the  likely  victims  of  recombination  loss  reactions;  see 
Eigure  28.4  [14]. 

However,  it  should  be  noted  that  one  of  the  major  reasons  for  the  success  of  the 
iodide/triiodide  redox  system  in  DSSC  electrolytes  is  the  very  favorable  balance  bet¬ 
ween  the,  on  the  one  hand,  efficient  and  fast  dye  regeneration  reaction,  and,  on  the 
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Other  hand,  the  very  sluggish  recombination  loss  reaction.  The  reason  is  most  likely 
that  the  former  in  its  initial  step  works  as  a  one-electron  transfer  (fast)  and  the  other 
essentially  is  a  two-electron  transfer  (slow).  In  the  search  for  alternative  redox  sys¬ 
tems,  thus  two-electron  systems  have  long  been  the  target.  Only  very  recently  has  a 
combination  of  designed  dye  molecules  and  one-electron  redox  systems  challenged 
the  champion  iodine-based  redox  system. 


28.3  IODINE  AT  THE  COUNTERELECTRODE 

Many  different  counterelectrode  materials  may  be  used  in  DSSC  devices,  such  as 
conducting  metal  oxides,  carbon  materials,  and  metals.  In  the  initial  DSSC  devices 
it  was  noted  that  the  charge-transfer  resistance  at  the  counterelectrode,  representing 
the  reduction  of  iodine/triiodide,  was  a  problem  significantly  hampering  the  overall 
DSSC  performance.  The  deposition  of  Pt  nanoparticles  on  an  FTO  surface,  how¬ 
ever,  significantly  reduced  this  problem  [15].  It  is  thought  that  the  catalytic  function 
of  the  platinum  nanoparticles  reduce  the  charge-transfer  reaction  through  a  mecha¬ 
nism  involving  iodine  molecule  adsorption  to  the  metal  surface  with  a  subsequent 
I-I  bond  splitting  process  in  combination  with  the  reduction  to  iodide  ions.  Of 
course,  this  makes  the  platinized  FTO  electrode  highly  adapted  for  the  iodide/triio¬ 
dide  redox  couple  and  may  thus  be  far  from  optimal  for  alternative  redox  systems 
[16].  One  such  example  is  organic  thiolate/disulphide  systems,  where  the  platinized 
FTO  counterelectrodes  work  very  poorly  and  other  materials  are  preferably  used 
instead  [17]. 


28.4  IODINE  IN  THE  ELECTROLYTE 

In  the  initial  search  for  suitable  DSSC  redox  systems,  in  particular  those  that  were 
compatible  with  the  Ru-based  metal-organic  dyes  used,  iodide  appeared  as  a  main 
candidate  [4].  The  DSSC  device  is  conceptually  quite  simple,  but  the  optimization  of 
the  device  as  a  whole  is  a  delicate  matter  involving  several  intimate  and  delicately 
dependent  processes,  in  particular  at  the  electrode  surfaces.  In  the  combination  of 
materials  in  the  early  days  of  DSSC,  iodide  (salts)  as  dye  reducing  agent  stood  out  as 
an  optimal  choice.  Of  course,  in  a  regenerative  DSSC  device,  iodine/triiodide  is 
formed  automatically  from  the  oxidation  of  iodide  (regeneration  process  of  the  dye 
molecules)  without  specific  addition.  In  optimization  of  the  devices,  it  was  found  that 
addition  of  iodine  was  favorable  up  to  specific  concentrations,  depending  on  which 
solvent  was  used  [18].  The  solvents  offering  the  highest  conversion  efficiencies  are 
typically  low-viscous  polar  organic  solvents,  such  as  nitriles  or  carbonates  [19]. 
Optimized  concentrations  of  iodide  salts  and  iodine  are  typically  in  the  range  of  1 M 
or  more  for  the  iodide  salts  and  about  50  mM  of  iodine.  Several  different  iodide  salts 
have  been  investigated,  and  typically  iodide  is  added  as  a  mixture  of  salts,  an  organic 
salt  as  the  bulk  (to  allow  high  solubilities),  and  an  inorganic  salt  of  a  small  highly 
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FIGURE  28.5  A  illustration  of  the  Grotthuss  mechanism  of  conductivity  in  a  polyiodides 
type  of  material. 


polarizing  cation,  such  as  lithium  or  magnesium  (to  inflict  shifts  in  the  semicon¬ 
ductor  substrate  conduction  band  energy). 

Another  class  of  electrolyte  solvents  is  ionic  liquids.  The  use  of  ionic  liquids 
reduces  the  volatility  problem  of  typical  organic  solvents,  and  they  also  offer  better 
chemical  and  electrochemical  stability  [20].  However,  one  major  drawback  of  ionic 
liquids  as  solvents  is  the  intrinsic  relatively  high  viscosity.  A  high  viscosity  is 
commonly  associated  with  low  ion  and  molecule  mobility,  which  of  course  will 
affect  the  charge  and  mass  transport  in  ionic-liquid-based  DSSCs.  The  viscosity 
problem  was  noted  at  an  early  stage,  and  several  strategies  have  been  employed  to 
reduce  the  problem.  In  all  systems  so  far,  though,  an  optimized  iodide/triiodide  redox 
system  involves  a  higher  concentration  of  iodine  in  order  to  reduce  the  electrolyte 
charge  and  mass-transport  limitation  typically  four  to  five  times  (about  0.2  M)  higher 
than  in  a  low-viscous  organic  solvent.  Spectroscopic  studies  show  that  chemical 
availability  also  affects  the  necessity  for  a  higher  iodine  concentration  in  ionic-liquid 
electrolytes  [21].  Typical  diffusion  constants  of  the  rate-limiting  triiodide  ion  in  low- 
viscous  organic  solvents  are  about  10  ®cm^s  *,  whereas  in  reasonably  low-viscous 
ionic  liquids  they  are  about  an  order  of  magnitude  lower. 

The  higher  concentrations  of  iodine  used  in  ionic-liquid-based  DSSC  devices 
open  up  for  another  mechanism  of  charge  transport,  a  Grotthuss  or  relay  mecha¬ 
nism  [22].  Such  a  mechanism  has  been  proposed  to  explain  the  ability  of  water  to 
conduct  electricity,  through  “hopping”  protons.  Polyiodides  are  known  to 
function  in  a  similar  way,  thus  allowing  for  charge  transport  without  a  net  mass 
transport  through  the  exchange  of  iodide  ions  (Fig.  28.5).  Excess  charge  trans¬ 
port  has  been  interpreted  in  this  way,  although  recent  work  based  on  advanced 
isotope  labeling  instead  suggests  that  the  boost  in  conductivity  is  caused  by  ion- 
pair  dissociation  [23]. 

An  interesting  but  not  very  extensively  studied  and  related  type  of  system  is  the 
liquid-crystal  electrolyte.  Such  electrolytes  are  essentially  ionic  liquids  with  either 
a  long-chain  functionality  added  to  the  salt  cation  or  a  similar  functionality  intro¬ 
duced  by  a  solvent  additive.  In  such  systems,  it  has  been  proposed  that  enhanced 
conductivity  can  be  attributed  to  a  Grotthuss  mechanism  in  liquid-crystal  channels 
(Fig.  28.6)  [25]. 
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FIGURE  28.6  The  channels  promoting  a  Grotthuss  type  of  conduction  mechanism  pro¬ 
posed  to  form  in  liquid-crystal-based  electrolytes.  The  figure  is  taken  from  Ref.  [24]. 

28.5  CHALLENGES  WITH  THE  IODINE-BASED  REDOX  SYSTEM 

Although  having  constituted  the  best  working  redox  systems  since  the  very  early  days 
of  DSSCs,  the  iodide/triiodide  system  is  far  from  perfect.  Several  challenges  (or  prob¬ 
lems)  with  the  iodine-based  system  have  been  identified.  Some  examples  are  given  here: 

•  Evaporation.  Even  though  the  volatility  of  iodine  is  notably  reduced  by  the 
excess  iodide  present  in  the  electrolyte  solvents,  lack  of  long-term  stability  can 
in  several  cases  be  traced  to  a  loss  of  iodine. 

•  Photosensitivity.  Triiodide  (and  higher  polyiodides)  ions  absorb  light  at  shorter 
wavelengths.  This  both  reduces  conversion  efficiencies  through  shadowing  of 
the  sensitizing  dye  and  also  gives  rise  to  unwanted  photoinitiated  side  reactions. 
Such  side  reactions  will  with  time  lead  to  a  degradation  of  DSSC  performance. 

•  Corrosivity.  Triiodide/iodine  is  quite  corrosive  toward  many  materials,  in 
particular  to  those  that  can  be  oxidized  involving  rather  noble  metals,  such  as 
silver.  Since  silver  metal  is  a  preferred  material  for  DSSC  contacts,  it  represents 
a  significant  practical  problem. 

•  Photovoltage.  The  large  overpotential  previously  mentioned  prevents  high  pho¬ 
tovoltages,  which  in  turn  effectively  limits  the  maximum  conversion  efficiencies 
that  can  be  extracted  from  an  iodine-based  DSSC. 
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These  challenges  have  triggered  a  search  for  alternatives.  The  known  alternatives 
can  roughly  be  divided  into  two  different  categories:  alternative  two-electron  systems 
and  alternative  one-electron  systems  [16]. 

Right  from  the  start,  iodide  was  not  the  only  halide  to  be  used  in  DSSCs.  Bromide, 
with  its  oxidized  companion — the  tribromide  ion — represents  an  alternative. 
Consequently,  many  other  combinations  of  halides  or  pseudohalides  have  also  been 
tested  in  DSSCs.  Many  of  them  have  been  outcompeted  by  the  iodide/triiodide  sys¬ 
tems  because  of  lack  of  chemical  stability  or  less  appropriate  redox  potentials. 
Recently,  results  from  several  different  sulfur-based  systems  have  been  reported 
[17,  26].  These  systems  mimic  the  iodide/triiodide  system  in  the  sense  that  they 
involve  the  formation  of  a  S-S  bond  upon  dye  regeneration.  So  far,  none  of  the 
sulfur-based  alternatives  have  been  able  to  challenge  the  iodide/triiodide  system  in 
terms  of  performance,  albeit  they  have  reduced  some  of  the  drawbacks  noted  earlier. 
Lack  of  sufficient  solubility  and  limitations  in  mobility  have  been  noted  as  the  main 
causes.  Nevertheless,  recent  studies  on  iodine/sulfur  tandem  systems  show  prom¬ 
ising  results  [27]. 

One-electron  systems  were  also  under  the  magnifying  glass  from  the  start  of 
DSSC  studies.  Here,  two  major  drawbacks  could  be  identified.  First,  in  a  one-elec¬ 
tron  system  the  unwanted  recombination  loss  reaction  turned  out  to  be  competing  in 
rate  with  the  desired  dye  regeneration  reaction,  thus  resulting  in  low  overall 
conversion  efficiencies.  Second,  most  one-electron  systems  studied  so  far  involved 
either  comparably  large  metal  complexes  or  organic  molecules;  all  of  which  show 
low  ion  mobilities  and  consequently  severe  mass-transport  limitations  at  higher  irra¬ 
diation  levels.  A  solution  to  the  first  problem  was  recently  offered  through  the 
combination  of  a  Co'VCo*“  redox  system  and  a  designed  organic  dye  with  long-chain 
functionalities  (thought  to  block/retard  the  recombination  loss  reaction)  [28].  This 
advance  has  opened  for  considerably  higher  DSSC  photovoltages  and  so  far  the  high¬ 
est  conversion  efficiencies  recorded  for  a  liquid-based  DSSC  [29]. 


28.6  CONCLUSIONS  AND  OUTLOOK 

For  about  20  years  the  iodide/triiodide  redox  system  ruled  the  field  of  DSSC  devices 
in  terms  of  stability  and  conversion  efficiency.  However,  since  the  redox  system  is 
not  without  drawbacks,  recent  alternatives  have  made  the  future  of  the  iodide/triio¬ 
dide  redox  system  in  DSSC  devices  less  prominent. 
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29.1  OVERVIEW  OE  ELUORINATED  REPELLENTS 

29.1.1  Iodine  and  Fluorinated  Repellents 

Fluorochemicals  are  widely  used  in  modern  life,  especially  those  possessing  perfluo- 
roalkyl  groups  and  low  surface  tension.  They  are  use  as  oil  and  water  repellents  for 
clothes,  shoes,  and  umbrellas;  oil-  and  grease-resistant  agents  for  fast-food  pack¬ 
aging  and  paper  trays;  and  antifouling  agents  for  carpeting.  In  this  chapter,  these 
compounds  will  be  collectively  called  fluorinated  repellents. 

Chemicals  containing  the  perfluoroalkyl  group  are  also  used  as  fire  extinguishing 
agents,  leveling  agents  for  floor  polishing,  and  emulsifiers.  Excellent  reviews  on 
these  applications  are  already  present  in  the  literature  [1,  2];  therefore,  they  will  not 
be  discussed  in  this  chapter.  The  treatment  of  smartphones  and  tablet  screens  with 
perfluoropolyethers  to  impart  an  anti-fingerprint  feature  will  also  not  be  discussed; 
this  is  because  iodine  is  not  typically  used  to  produce  those  chemicals. 

Iodine  and  chemicals  containing  iodine  are  used  as  the  main  raw  materials  for  the 
synthesis  of  fluorinated  repellents.  Perfluoroalkyl  iodide  is  the  most  widely  used 
compound  for  the  synthesis. 


CF3CF,(CF,CF,XI 


(29.1) 


Iodine  Chemistry  and  Applications,  First  Edition.  Edited  by  Tatsuo  Kaiho. 

©  2015  John  Wiley  &  Sons,  Inc.  Published  2015  by  John  Wiley  &  Sons,  Inc. 
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The  manufacturing  process  is  as  follows. 


Ij  +  5F2  ^  2IF5 

(29.2) 

5CF2  =  CFj  +  IF5  +  2I2  ^  5CF3CF2I 

(29.3) 

CF3CF2I  +  nCF^  =  CF3  ^  CF3CF3  (CF2CF2  I 

(29.4) 

The  last  reaction  is  a  telomerization  reaction.  A  compound,  called  a  telogen,  reacts 
with  ethylenically  unsaturated  compounds,  taxogens,  to  generate  compounds  called 
telomers  [3,  4]. 

Various  compounds  used  in  repellents  can  be  synthesized  from  the  telomers.  In 
the  following  formulas,  Rf  indicates  CFjCF^CCFjCFj)^. 

Rfl  +  CH^  =  CHj  ^  Rf  CHjCH^I  (29.5) 

Rf  CH^CHjI  ^  Rf  CH^CHjOH  (29.6) 

Rf  CHjCH^OH  ^  Rf  CH2CH20C(=  0)CH  =  CH^  (29.7) 


These  chemicals  are  converted  to  the  fluorinated  epoxy  compounds,  urethanes, 
and  esters,  and  used  in  a  variety  of  applications. 

In  addition  to  telomerization,  another  method  called  electrochemical  fluorination  [5] 
is  also  used  to  manufacture  chemicals  containing  perfluoroalkyl  groups,  but  iodine  is  not 
used  in  these  processes.  The  typical  reactions  are  presented  here: 

CgHj^SOjCl  +  18HF  ^  CgFj^SOjF  +  HCl  +  by  -  products  (29.8) 

CgFj^SOjF  ^  CgFj^SOjNHR  ^  CgFj^SO^NRC^H.OH  (29.9) 


29.1.2  Repellency 

The  degree  of  repellency  of  a  solid  surface  to  a  liquid  droplet  is  measured  by  the 
angle  6  formed  between  the  solid  surface  and  the  tangent  at  a  point  on  the  three-phase 
boundary,  as  shown  in  Figure  29. 1 .  This  angle  is  called  the  static  contact  angle.  The 
repellency  of  the  solid  surface  increases  with  an  increase  in  the  contact  angle. 

The  Zisman  theory  defines  the  surface  tension  of  a  solid  surface  as  being  equal  to 
that  of  the  liquid  having  the  highest  surface  tension  that  can  completely  wet  the  solid 
surface;  this  is  called  the  critical  surface  tension,  y  ■  After  acquiring  the  contact 
angles  for  a  series  of  probe  liquids,  the  critical  surface  tension  of  the  surface  is 
derived.  This  is  done  by  first  plotting  the  cosine  of  each  contact  angle  against  the 
known  surface  tension  of  the  probe  liquid,  and  then  these  plots  are  extrapolated  to 
zero  degrees  [6] . 
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FIGURE  29.1  Static  contact  angle  0. 


TABLE  29.1  Critical  surface  tensions  of  repellent  surfaces 


Surface 

Surface  functional  group 

r  /mNm-‘ 

c 

Ref. 

Perfluorolauric  acid 

-CF3 

6 

[7] 

Polytetrafluoroethylene 

-CF,- 

18 

[8] 

Octadecylamine 

-CH3 

22 

[9] 

Paraffin  wax 

-CH3,  -CH3- 

23 

[9] 

Polyethylene 

-CH3- 

31 

[9] 

Poly  (dimethyl  siloxane) 

-Si(CH3)  3-0- 

24 

[9] 

TABLE  29.2  Surface  tensions  of  liquids 

Liquid 

r,  /mNm-‘  (20"  C) 

n-Octane 

21.62 

n-Hexadecane 

27.47 

Methanol 

22.70 

Ethanol 

22.10 

2-Propanol 

23.00 

Water 

72.80 

The  ability  of  a  solid  surface  to  repel  a  liquid  droplet  can  be  estimated  by  compar¬ 
ing  the  critical  surface  tension  of  the  solid  with  the  surface  tension  of  the  liquid.  If  the 
former  is  smaller  than  the  latter,  the  solid  can  repel  the  liquid.  Tables  29.1  and  29.2 
show  data  for  critical  surface  tension  and  surface  tension,  respectively.  The  tables 
make  it  clear  that  chemicals  with  perfluoroalkyl  groups  can  repel  oils  and  alcohols, 
and  paraffin  wax  and  silicone,  which  are  used  as  water  repellents,  cannot  repel  those 
liquids. 


29.1.3  Fluorinated  Repellents 

The  3M  company  released  the  first  fluorinated  repellent,  synthesized  using  elec¬ 
trochemical  fluorination,  in  1956.  Later,  DuPont  released  the  repellents,  synthe¬ 
sized  by  telomerization,  and  several  other  companies  brought  their  telomerization 
products  to  market.  Many  companies  do  not  conduct  fluorination;  they  modify 
fluorinated  chemicals  purchased  from  companies  having  access  to  fluorination 
techniques. 
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29.1.4  Oil  and  Water  Repellents  for  Clothing 

Fluorinated  repellents  find  the  largest  application  in  clothing.  There  is  a  wide  range 
of  uses  of  these  repellents  in  weatherproof  coatings  on  clothes,  shoes,  and  acces¬ 
sories  in  sports  and  outdoor  activities.  The  repellents  can  also  be  used  as  antifouling 
coatings  for  suits,  ties,  and  bags.  The  coatings  have  been  applied  to  natural  fibers  like 
cotton  and  wool,  synthetic  fibers  like  polyesters  and  polyamides,  and  natural/ 
synthetic  leather. 

Oil  and  water  repellency  and  durability  are  the  major  requirements  for  application 
of  these  repellents  in  the  clothing  industry.  Several  techniques  are  defined  by  industry 
organizations  to  test  these  requirements.  The  most  widely  used  tests  for  water  repel¬ 
lency  are  spray  tests.  In  this  test,  water  is  sprayed  on  a  piece  of  tilted  fabric  treated  with 
repellents,  and  the  degree  of  water  penetration  is  rated  [10].  To  test  for  oil  repellency, 
several  hydrocarbon  liquids  with  different  surface  tensions  are  placed  on  the  treated 
fabric.  The  fabric  is  then  rated  based  on  the  lowest  surface  tension  liquid  that  cannot 
penetrate  the  fabric  [11]. 

Durability  tests  are  usually  defined  as  pretreatment  processes  for  characteristics 
like  colorfastness.  There  are  durability  tests  for  abrasion  [12],  repeated  home  laun¬ 
dering  [13],  and  dry  cleaning  [14].  The  oil  and  water  repellency  tests  are  carried  out 
after  durability  tests. 

Repellent  finishing  comprises  three  steps.  First,  the  treatment  bath,  composed  of 
2-3%  fluorinated  repellents  and  a  small  amount  of  penetrating  and  antistatic  agents, 
is  prepared.  Second,  a  roll  of  cloth  is  dipped  in  the  bath  and  then  squeezed  to  remove 
the  water.  Third,  the  roll  of  cloth  is  dried  and  cured  at  120-180°C  for  a  few 
minutes. 

Fluorinated  repellents  are  usually  aqueous  emulsions,  but  in  some  cases,  these  are 
solutions  composed  of  organic  solvents  and  fluoropolymers.  Solution-type  repellents 
are  easier  to  dry  than  emulsion-type  repellents  and  can  form  repellent  coatings 
without  curing.  These  agents  are  used  in  cleaners  and  are  supplied  to  consumers  in 
spray  cans  for  imparting  repellency  to  umbrellas,  shoes,  and  bags.  The  aqueous 
emulsions  of  repellents  are  prepared  by  polymerizing  fluoromonomers  and  other 
monomers  in  the  presence  of  emulsifiers.  Cationic  emulsifiers  are  typically  used.  In 
those  cases,  the  emulsion  particles  are  positively  charged  and  the  fiber  surface  is  neg¬ 
atively  charged  so  the  particles  can  be  uniformly  distributed  on  the  fibers  to  make  a 
uniform  coating. 

Typical  examples  of  repellent  polymers  are  the  copolymer  of  a  fluorinated  acry¬ 
late,  an  inexpensive,  long  alkyl  acrylate  that  can  impart  water  repellency,  and  a 
chlorinated  monomer,  like  vinyl  chloride  or  vinylidene  chloride,  which  improves 
durability  by  strengthening  adhesion  to  fibers. 


29.1.5  Oil-  and  Grease-Resistant  Agents  for  Paper  and  Paperboard 

Fluorinated  repellents  are  used  for  a  variety  of  applications  in  food  packaging  indus¬ 
tries.  The  repellents  work  as  barriers  to  water,  oil,  and  grease  and  impart  durability  to 
paper  and  paperboard  used  for  pet  food  and  fast  food  packaging. 
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Oil-  and  grease-resistant  properties  are  measured  using  several  kinds  of  oils  and 
greases  with  different  surface  tensions.  Like  the  oil  repellency  tests  for  clothing,  oils 
are  placed  on  the  treated  paper,  and  the  test  piece  is  rated  based  on  the  oil/grease  with 
the  lowest  surface  tension  that  cannot  wet  the  test  piece. 

There  are  two  methods  for  applying  oil-  and  grease-resistant  agents  during  the 
manufacture  of  paper:  size  press  application  and  wet-end  application.  In  the  former 
method,  the  agent  penetrates  the  surface  of  the  paper.  In  the  latter  method,  the  fluori- 
nated  agent  is  mixed  with  the  paper  pulp  and  the  paper  is  formed  from  the  mixture. 
In  the  latter  case,  the  agent  is  required  to  concentrate  on  the  surface  of  the  paper  dur¬ 
ing  the  drying  process.  Copolymers  of  fluorinated  monomers  and  other  monomers 
[15,  16]  and  derivatives  of  perfluoropolyethers  [17,  18],  manufactured  without 
iodine,  are  used  for  these  purposes. 

29.1.6  Stain-  and  Soil-Resistant  Agents  for  Carpeting 

Large  quantities  of  fluorinated  repellents  are  used  in  carpeting  to  keep  it  clean.  Oil 
and  water  repellency  make  accidental  spills  easier  to  remove,  and  dry  soil  resistance 
prevents  soiling  from  shoes.  These  are  important  for  maintaining  carpets  and  rugs. 

Foam  application  is  common  in  this  field.  The  repellent  emulsions  are  applied  with 
foaming  agents  and  other  additives.  Spray  application  was  common  in  the  past,  but  it 
is  no  longer  recommended  in  order  to  avoid  inhalation  of  the  treating  chemicals. 

Fluorinated  urethanes  are  often  used  because  they  are  effective  for  dry  soil  resis¬ 
tance.  The  chemicals  are  synthesized  from  fluorinated  alcohols  and  isocyanates  in  an 
organic  solvent.  Emulsifiers  are  then  added,  and  the  solvent  is  stripped  off  and 
replaced  with  water. 


29.2  PFOA  ISSUES 

Perfluorooctanoic  acid  (PFOA)  is  a  synthetic  chemical  substance.  PFOA  is  often 
used  in  emulsion  polymerization  of  fluoropolymers  because  of  its  excellent 
performance  as  an  emulsifier.  Conventional  fluorinated  repellents  often  unintention¬ 
ally  contain  trace  amounts  of  PFOA  and  precursors  that  can  decompose  into  PFOA. 
PFOA  is  persistent  in  the  environment.  It  is  also  bioaccumulative  and  has  the  ten¬ 
dency  to  stay  in  the  body  once  it  is  absorbed.  It  is  widely  used  and  has  persistent  and 
bioaccumulative  characteristics;  therefore,  it  is  closely  scrutinized  by  government 
regulation  agencies  and  scientists. 

Perfluoroalkanoic  acids  (PFAAs),  perfluoalkanoic  acids  with  longer  perfluori- 
nated  alkyl  groups  than  PFOA,  like  perfluorodecanoic  acid,  and  their  precursors  are 
thought  to  be  stable  and  bioaccumulative  as  well. 

In  2006,  the  U.S.  Environmental  Protection  Agency  invited  the  eight  major  manu¬ 
facturers  of  fluorinated  resins  and  repellents  (Arkema,  Asahi,  BASF  Corporation, 
Clariant,  Daikin,  3M/Dyneon,  DuPont,  and  Solvay  Solexis)  to  participate  in  a 
voluntary  initiative  called  the  2010/15  PFOA  Stewardship  Program.  The  program  had 
two  goals;  these  included  (i)  commitment  to  reduce  facility  emissions  and  product 
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content  of  PFOA,  PFAAs,  and  their  precursors  by  95%  by  2010,  based  on  a  baseline 
from  the  year  2000;  (ii)  commitment  to  work  toward  the  elimination  of  the  chemicals 
by  2015. 

29.3  ALTERNATIVE  TECHNOLOGIES 

To  overcome  PFOA  issues,  a  variety  of  alternative  technologies  and  products  have 
been  developed.  In  this  chapter,  the  correlation  between  the  repellent  characteristics 
of  fluoropolymer  coatings  and  the  chemical  and  higher-order  structures  of  perfluoro- 
alkyl  groups  will  be  reviewed,  followed  by  a  description  of  some  alternative 
technologies. 

29.3.1  Correlation  between  Repellency  and  Perfluoroalkyl  Chain  Length 

The  copolymers  of  perfluoroalkylethyl  acrylate  have  been  commonly  used  as  repel¬ 
lents.  In  most  cases,  the  carbon  number  of  the  perfluoroalkyl  group,  or  the  fluorinated 
carbon  number,  is  equal  to  or  greater  than  eight  because  the  length  is  suitable  for 
repellency. 

Research  on  the  homopolymers  of  perfluoroalkylethyl  acrylates  with  different 
fluorinated  carbon  numbers  has  been  conducted.  The  researchers  studied  the  higher- 
order  structures  in  the  polymer  films  using  wide-angle  X-ray  diffraction  (WAXD) 
and  differential  scanning  calorimetry  (DSC)  measurements,  and  the  repellent  charac¬ 
teristics  based  on  contact  angle  measurements  [19-21]. 

The  WAXD  measurements  indicated  that  the  perfluoroalkyl  groups  aggregate  and 
form  a  hexagonal  packing  structure  when  the  fluorinated  carbon  number  is  eight,  as 
shown  in  Figure  29.2.  This  structure  has  almost  the  same  spacing,  0.5  nm,  as  that  of 
polytetrafluoroethylene  crystal,  and  it  also  forms  a  lamellar  structure,  with  a  spacing 
of  3.4 nm,  composed  of  bilayers  of  the  monomer  unit.  Meanwhile,  when  the  number 
of  the  fluorinated  carbon  is  equal  to  or  less  than  six,  higher-order  structures  are  not 
observed. 

The  DSC  measurements  show  that  when  the  fluorinated  carbon  number  of  the 
perfluoroalkyl  group  is  eight,  the  polymer  has  a  melting  temperature  well  above 
room  temperature.  This  behavior  is  different  from  that  of  the  compounds  with  a  fluo¬ 
rinated  carbon  number  of  six  or  less. 

To  evaluate  the  roughness  and  chemical  heterogeneity  of  surfaces,  dynamic 
contact  angles  are  more  suitable  than  the  previously  mentioned  static  contact 
angles.  There  are  two  kinds  of  dynamic  contact  angles,  advancing  contact  angles 
9  and  receding  contact  angles  9 ;  these  are  measured  using  droplets  on  a  sample 
stage  that  can  be  tilted,  as  shown  in  Figure  29.3.  The  receding  contact  angles  for 
water  droplets  have  a  high  correlation  to  ratings  in  the  water  spray  tests  used  to 
simulate  rain. 

The  receding  contact  angles  of  the  fluorinated  acrylate  films  are  quite  large  when 
the  fluorinated  carbon  number  is  equal  to  or  greater  than  eight,  whereas  the  angles 
are  small  when  the  carbon  number  is  six  or  less. 
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FIGURE  29.2  Structural  model  of  the  perfluorooctylethyl  acrylate  homopolymer  film. 
Reprinted  with  permission  from  Ref.  [21].  ©  2008,  American  Chemical  Society. 


FIGURE  29.3  Advancing  angle  0^  and  receding  contact  angle  0^. 
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Based  on  the  WAXD,  DSC  measurements,  and  receding  contact  angle  experiments, 
it  was  inferred  that  a  higher-order  structure,  that  is,  the  packing  of  perfluoroalkyl 
groups,  is  important  for  water  repellency.  This  might  be  a  basic  concept  to  develop  new 
chemicals,  other  than  PFOAs,  suitable  to  act  as  repellents. 


29.3.2  Alternative  Technologies  to  PFOA 

The  major  manufacturers  of  fluorinated  repellents  have  initiated  research  and 
development  on  alternative  technologies  and  products.  Many  new  products  have 
been  released  in  almost  all  of  the  application  fields.  However,  there  are  currently  no 
new  products  for  high-end  applications  such  as  clothing  for  military  use.  Therefore, 
further  research  is  still  needed. 

In  all  of  the  following  examples,  the  carbon  number  of  the  perfluoroalkyl  group  is 
equal  to  or  less  than  six. 


29.3.3  New  Fluorinated  Alkyl  Acrylates 

Research  has  been  conducted  to  obtain  new  fluorinated  alkyl  acrylates  or  fluoroalkyl 
acrylates  that  aggregate  to  form  higher-order  structures  with  the  packing  of  perfluo¬ 
roalkyl  groups  because  they  can  exhibit  strong  water  repellency. 

The  introduction  of  a  methylene  unit  between  fluoromethylene  units  was  investi¬ 
gated.  This  makes  the  fluoroalkyl  groups  biodegradable.  The  fluoroalkyl  groups 
were  synthesized  by  reaction  of  perfluoroethyl  iodide  and  vinylidene  fluoride  and 
followed  by  tetrafluoroethylene  and  ethylene. 

C^Fgl  +  CH^  =  CFj  ^C4F,  (CHjCFJ^  I  (29.10) 

C,F,  (CH,CF,  1 1  ^  C,F,  (CH,CF,  (CF,CF,  ^  I  (29. 1 1) 

C,F,  (CH,CF,)^  (CF,CF,X  I  ^  C,F,  (CH,CF,)^  (CF,CF,X  CH,CH,I  (29.12) 


Among  the  acrylate  polymers,  the  CH2=CHC02CH2CH2(CF2CF2)2CFjCH2C^Fg 
polymer  had  a  melting  temperature  of  77.4°C  above  room  temperature  and  a  high 
receding  contact  angle  of  105°  [22,  23]. 

Other  fluoroalkyl  groups  were  synthesized  from  perfluoroalkyl  iodide  using 
CF(CFj)=CH2  followed  by  ethylene  [24];  vinyl  chloride,  vinylidene  chloride,  or 
l',2',2'-trifluorostylene  followed  by  ethylene  [25],  or  vinylidene  fluoride  followed 
by  propylene  [26]. 

Fluoroalkyl  acrylates  with  one  or  more  phenylene  units  between  the  perfluoroal¬ 
kyl  group  at  one  end  and  the  acryloyl  group  at  the  other  end  were  prepared.  The 
polyacrylates  made  from  these  monomers  exhibited  good  oil  and  water  repellency 
[27-30]. 
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29.3.4  New  Fluorinated  Monomers  Other  than  Acrylates 

A  polymer  shows  good  repellency  if  the  main  chain  is  rigid  and  can  maintain  a  confor¬ 
mation  having  the  pendent  fluoroalkyl  group  at  the  outermost  surface  of  the  film.  This 
can  occur  even  if  its  conformation  is  not  identical  to  hexagonal  packing  and  it  does  not 
possess  a  melting  temperature.  Product  development  using  monomers/polymers  with 
rigid  main  chains  has  been  conducted. 

Among  these,  the  most  important  fluorinated  monomer  is  perfluorohexylethyl 
methacrylate.  Its  homopolymer  has  a  glass  transition  temperature  above  room  tem¬ 
perature  [31],  so  it  shows  good  water  and  oil  repellency.  Additionally,  the  simple 
structure  of  the  methacrylate  makes  it  cost-effective.  Because  of  these  properties,  a 
number  of  methacrylate-based  products  are  currently  available. 

Perfluorobutylethyl  2-chloroacrylate  might  be  another  example  of  this  concept  [32]. 
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30.1  HIGH-PERFORMANCE  SILICON  DIOXIDE  ETCHING 

Generally,  SiO^  etching  is  performed  using  fluorocarbon  gases  to  deposit  a 
fluoropolymer  on  the  underlying  silicon.  This  deposit  enhances  the  etching  selec¬ 
tivity  of  SiOj  over  those  of  Si  and  SiN.  CF^  radicals  are  commonly  used  as  the  main 
gas  precursor  for  polymer  deposition.  CF^"^  ions  are  the  dominant  etchant  for  SiO^ 
film  because  the  etching  yield  of  CF^^  for  Si  and  SiO^  is  larger  than  that  of  CF^,  CF^"^, 
and  CjF^^  [1-3].  CF^^  ions  are  efficiently  generated  from  CF^  radicals  because  of 
their  lower  ionization  thresholds  (CF^-t-e^  CF^^:  10.3  eV).  Plasmas  made  from  gases 
with  a  lower  molecular  weight  (CF^,  CHF^,  and  C^F^)  result  in  a  smaller  amount  of 
CF^  and  CF^  radical  generation,  as  well  as  a  larger  amount  of  F  atoms,  because  of  the 
higher  degree  of  dissociation  by  high-energy  electrons.  As  a  result,  a  lesser  degree  of 
polymerization  reduces  etching  selectivity.  Conversely,  gases  with  a  higher  molec¬ 
ular  weight  (CjFg,  C^F^)  result  in  more  polymerization  with  a  larger  number  of  CF^ 
radicals,  because  the  number  of  high-energy  electrons  is  relatively  reduced  by  the 
large  cross  sections  of  the  electron  collisions  in  momentum  transfer  and  vibrational 
excitation  at  around  5  eV  [4] .  However,  smaller  amounts  of  ions  (CF^^  ion)  have  also 
been  observed  in  these  plasmas.  In  particular,  in  high-aspect  contact  holes  of  less 
than  0.25  mm,  the  polymer  deposition  rate  is  higher  than  the  SiO^  etching  rate.  This 
condition  causes  aspect-ratio-dependent  etching  and  etching  stop.  It  is  thus  very  dif¬ 
ficult  to  control  the  balance  between  radical  flux  (CF^  radicals)  and  ion  flux  (CF^^ 
ions)  during  SiO^  contact  etching  in  fluorocarbon  plasma  using  conventional  gas 
chemistry.  Although  Ar  dilution  (over  80%)  of  C^F^  is  widely  used  to  improve  the 
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control  of  polymerization  in  higher-aspect  contact  holes,  this  method  has  problems, 
such  as  a  decreased  etching  rate  and  lower  etching  selectivity.  To  solve  these 
problems,  it  is  necessary  to  generate  selected  radicals  in  fluorocarbon  plasmas. 

We  report  a  new  method  for  selective  radical  generation  for  high-performance 
sub-0.1  pm  SiOj  patterning,  using  CF^l  and  in  an  Ultra  High  Frequency  (UHF) 
plasma  [5].  This  plasma  mainly  dissociates  the  weak  C-1  and  C=C  bonds  in  CF^I  and 
CjF^,  because  the  mean  electron  energy  is  low  (~2-3eV).  Therefore,  CF^  (CF^^)  and 
CFj  radicals  are  efficiently  generated  by  using  CF^l  and  C^F^  in  an  UHF  plasma.  The 
flux  of  CFj  and  CF^  radicals  can  be  controlled  by  changing  the  ratio  of  these  gases 
in  the  plasma.  By  applying  UHF  (500  MHz)  power  to  high-density  plasma,  non- 
Maxwellian  Electron  Energy  Distribution  Eunctions  (EEDFs)  can  be  produced  [6]. 
Schematic  illustrations  of  typical  EEDFs  in  the  UHF  plasma  are  shown  in  Figure 
30. 1 .  The  UHF  plasma  appears  to  exhibit  a  bi-Maxwellian  EEDF.  The  majority  of  the 
electrons  (i.e.,  bulk  electrons)  are  relatively  cold  and  can  be  represented  by  a 
Maxwellian  distribution  with  a  relatively  low  electron  temperature.  The  high-energy 
tail  of  the  distribution  is  enhanced,  and  this  enhancement  can  be  described  through  a 
presence  of  the  second  (much  less  populated)  pool  of  electrons  with  higher  (with 
respect  to  bulk  electrons)  electron  temperature.  These  high-energy  electrons  can 
achieve  a  sufficient  level  of  ionization  to  produce  a  higher-density  plasma  (>  1 0  "  cm"^) . 

The  lowest  energy  channels  for  generation  of  CF^  and  CF^  radicals  from  the 
conventional  C^F^  and  C^F^  sources  that  do  not  involve  complicated,  unlikely  bond 
rearrangements  (for  CF^  formation  from  C^F^)  are 

C2F,+e^2CF3+e,  A//=4.17eV  (30.1) 

C4F3  +  e  ^  CF2  +  ‘CgF^  •  +  e,  AH  ^  4.08  eV  (30.2) 


where  AH  represents  the  thermodynamic  heat  of  reaction  (also  the  bond  strength  for 
these  reactions,  and  those  shown  later)  and  C^F^  is  a  diradical  species.  With  the  new 
compounds  explored  here,  CF^  and  CF^  can  be  formed  by  the  reactions: 

CFjI  +  e^CFj+I  +  e,  AH  =  2.33  eV  (30.3) 

CjF^  +  e  ^  2CF2  +  e,  AH  =  3.05  eV  (30.4) 


Because  the  peak  electron  density  is  at  an  energy  of  about  2-3  eV  (electron 
temperature  T :  2-3  eV)  in  the  UHF  fluorocarbon  gas  plasma,  the  C-I  bond  of  about 
2.33  eV  and  a  C=C  bond  of  about  3.05  eV  are  efficiently  dissociated  in  CF^I  and  C^F^ 
in  reactions  30.3  and  30.4,  whereas  the  rupturing  of  C-F  bonds  (5.45  eV)  and  the 
formation  of  CF^  and  CF^  by  reactions  30.1  and  30.2  require  energies  above  the  peak 
electron  energy  in  the  UHF  plasma.  In  fact,  the  reported  threshold  for  CF^  formation 
from  electron  impact  dissociation  of  C^F^  is  quite  high  (10.5 eV)  [7].  The  UHF 
plasma  and  new  source  gases  (CF^I  and  C^F^)  are  thus  an  ideal  combination  for 
selective  generation  of  CF^  and  CF^  radicals  in  the  plasma. 
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FIGURE  30.1  A  qualitative  picture  of  the  EEPFs  estimated  from  a  combination  of  Langmuir 
probe  and  trace  rare  gas  optical  emission  spectroscopy  measurements  of  electron  temperature 
at  (a)  lOmTorr;  and  (b)  3.5  mTorr  for  the  TCP  and  UHF  plasma. 


In  this  experiment,  infrared  diode  laser  absorption  spectroscopy  (IR-LAS)  [8-10] 
and  OES  were  used  to  measure  the  density  of  CF,  CF^,  and  CF^  radicals,  as  well  as  F 
atoms.  The  IR-LAS  laser  beam  passed  through  the  plasma  region  16  times  during  the 
radical  measurements.  The  CF,  CF^,  and  CF^  radical  densities  were  measured  3  cm 
above  the  substrate.  The  absorption  lines  used  were  1308.5  cm“'  for  the  CF  radicals, 
1 132.7  cm“'  for  the  CF^  radicals  and  1262.1  cm“'  for  the  CF^  radicals.  We  used  the 
optical  emission  intensities  for  CF  (202.4nm),  CF^  (251. 9nm),  and  F  (703.7nm). 
The  relative  amounts  of  ion  species,  such  as  CF^^  and  Ar’^  ions,  were  measured  with 
a  mass  spectrometer.  The  plasma  density  and  electron  temperature  in  these  UHF 
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FIGURE  30.2  Concept  of  the  new  radical  injection  method.  The  CF^  and  CFj  radicals  are 
selectively  generated  from  CF^I  and  C^F^  gases  in  the  plasma. 


plasmas  were  measured  with  a  Langmuir  probe  (Me  Co.,  Japan)  located  at  the  center 
of  the  UHF  plasma  reactor  at  the  same  height  at  which  the  OES  and  IR-LAS  mea¬ 
surements  were  performed.  To  keep  the  tip  surface  clean,  the  probe  tips  (with  an  area 
of  0.0942  cm^)  and  the  reactor  walls  were  heated  to  over  100°C.  The  reproducibility 
of  the  measurements  was  confirmed  by  repeating  the  measurements  several  times. 

Six-inch  diameter  substrates  were  used  on  a  20-cm  diameter  electrode.  The  radio 
frequency  (rf)  bias  (IMHz)  on  the  substrate  was  fixed  at  500W  (l.bWcm"^)  when 
the  SiOj  etching  was  done.  The  gas  flow  rate  was  100  seem,  the  pressure  was  5  mTorr, 
and  the  UHF  power  was  1  kW.  The  polymer  deposition  rate  on  the  silicon  substrate 
was  measured  without  rf  bias  voltage.  The  measured  radical  densities  in  the  CF^I  and 
CjF^  plasmas  show  that  they  are  efficient  sources  of  CF^  (CF^^)  and  CF^  radicals 
when  compared  with  conventional  C^F^  and  C^F^  plasmas  (Figs.  30.2  and  30.3).  This 
is  easily  understood  from  the  differences  in  the  bond  strengths  of  reactions  . 

We  found  that  the  density  ratios  of  CF^  and  CF^  could  be  independently  controlled 
by  changing  the  gas  flow  ratio  of  the  CF^I  and  C^F^  mixture  (Fig.  30.4),  and  that  the 
polymer  deposition  rate  can  be  accurately  controlled  by  changing  the  density  of  CF^ 
radicals  (Fig.  30.5).  Since  polymer  deposition  occurred  when  using  only  the  CF^  rad¬ 
icals,  the  higher  molecular  weight  radicals  can  be  eliminated  in  the  CFjFCjF^  mix¬ 
ture  plasma.  We  also  found  that  the  CF^I  (more  than  60%)/C2F^  mixture  plasma  had 
a  high  plasma  density  of  over  1  x  10**cm“^  while  maintaining  a  lower  electron  tem¬ 
perature  (Fig.  30.6).  This  suggests  that  the  addition  of  CF^I  contributed  to  the  increase 
in  the  ion  density  because  of  the  lower  ionization  thresholds  of  L  (9eV)  and  CF^"^ 
(10  eV)  ions  from  CF^I  compared  to  the  threshold  of  Ar^  ions  (16  eV)  in  C^F^/Ar 
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FIGURE  30.3  Line-averaged  CFj  and  CF^  radical  densities  in  CF3I,  C^F^,  C^F^,  and 
UFIF  plasmas  under  the  same  discharge  condition.  CF^I  and  C^F^  were  good  sources  of  CF^ 
and  CFj  radicals,  respectively.  Bias  power:  500  W,  flow  rate:  100  seem. 
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FIGURE  30.4  Density  ratios  of  CF2  and  CF^  by  changing  the  gas  flow  ratio  of  the  CF^I  and 
C^F^  mixture  in  the  UHF  plasma. 
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FIGURE  30.5  The  polymer  deposition  rate  on  the  Si  substrate  as  a  function  of  the  gas  flow 
ratio  of  the  CF^I  and  C^F^  mixture  in  the  UFIF  plasma. 
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FIGURE  30.6  The  plasma  density  and  electron  temperature  as  a  function  of  the  gas  flow 
ratio  of  the  CF^I  and  C^F^  mixture  in  the  UFIF  plasma. 


plasma.  In  this  plasma,  high-energy  electrons  of  the  EEDF  are  considered  to  be 
reduced.  These  results  also  suggest  that  high-density  (more  than  10"  cm“^)  ions 
and  CFj  radicals  were  generated  in  the  CF^I  and  C^F^  gas  mixture. 

We  investigated  the  etching  characteristics  of  both  C^FyCF^I  and  C^F^/Ar  gas 
plasmas.  The  etching  selectivity  of  SiO^  to  the  underlying  Si  greatly  improved  when 
the  CjF^  gas  flow  rate  was  increased  in  the  C^PyCF^I  plasma.  A  selectivity  of  over  20 
for  a  bare  sample  was  achieved  when  the  gas  mixture  contained  80%  C^F^  (Fig.  30.7). 
Under  this  condition,  the  thermal  SiO^  etching  rate  was  4000-5000Amin“',  which  is 
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FIGURE  30.7  SiO^  etching  rate  and  etching  selectivity  to  Si  (poly-Si)  and  SiN  in  the  CF^I/ 
gas  mixture  and  C^F^/Ar  gas  mixture  when  rf  bias  of  200 W  was  supplied  on  the  substrate. 
The  sample  was  a  bare  wafer. 


about  twice  that  with  conventional  Ar  (80%)/C^Fg  gas.  We  believe  that  the  high  etch¬ 
ing  rate  and  the  high  selectivity  were  due  to  the  balance  between  for  the  SiO^ 
etchant  and  CF^  for  the  polymerization.  A  highly  anisotropic  etched  profile  of  a 
0.05-pm-diameter  contact  hole  with  a  sidewall  angle  of  more  than  88°  was  achieved 
while  maintaining  a  high  etching  rate  Boron  Phosphor  Silicate  Glass  (BPSG: 
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FIGURE  30.8  A  contact  hole  etching  profile  from  0.1 1  to  0.05  pm  in  the  CF^I/C^F^  plasma. 
Source  power:  1  kW,  bias  power:  500 W,  pressure:  5  mTorr,  flow  rates:  100 seem. 


FIGURE  30.9  Pattern  dependence  of  the  etching  rate  at  the  pattern  width  between  0.05  and 
0.5  pm  in  the  photoresist-masked  BPSG  film  using  C^F^CF^I  and  C^Fg/Ar  plasmas. 

7000 A  min”'),  and  a  high  selectivity  (>50)  to  the  underlying  Si  in  the  C^PyCF^I 
plasma  (Fig.  30.8)  [11].  Etching  profiles  were  virtually  the  same  as  those  for  contact 
holes  of  more  than  0. 1-pm  diameter.  We  measured  the  change  in  etching  rates  for  hole 
diameters  between  0.05  and  0.5  pm  in  a  photoresist-masked  BPSG  film  using  both 
CjFyCFjI  and  C^Fg/Ar  plasmas  (Fig.  30.9)  [11].  The  etching  rates  were  normalized  at 
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FIGURE  30.10  Polymer  deposition  mechanism  in  CF^FC^F^  gas  mixture  plasma  and  C^J 
Ar  gas  mixture  plasma. 


a  contact  hole  of  0.5  pm.  With  the  new  chemistry,  the  pattern  dependence  of  the  SiO^ 
etching  rate  is  almost  eliminated  due  to  the  optimum  balance  between  polymerization 
and  etching  and  by  the  suppression  of  higher  molecular  weight  radicals.  One  possible 
mechanism  for  eliminating  the  etching  stop  in  the  new  chemistry  is  depicted  in 
Figure  30.10  [11].  The  higher  molecular  weight  radicals  (C^F^)  are  preferentially 
formed  in  C^F^  plasmas.  These  species  are  more  likely  to  form  a  thick  film  on  both  SiO^ 
and  Si,  narrowing  the  width  of  the  etched  feature,  depleting  etchants  from  the  bottoms 
of  the  features,  and  eventually  stopping  the  etching  of  the  SiO^.  CF^,  on  the  other  hand, 
will  be  less  likely  to  stick  to  the  sides  of  etched  features  [8,  9].  The  selective  generation 
of  CFj  radicals  and  CF^  ions  is  thus  advantageous  for  achieving  a  microloading-free, 
etching-stop-free,  high  etching  rate  and  high  etching  selectivity  at  the  same  time. 


30.2  ENVIRONMENTALLY  HARMONIZED  CE3I  PLASMA 
FOR  LOW-DAMAGE  AND  HIGHLY  SELECTIVE  LOW-fe  ETCHING 

As  the  feature  size  of  ultralarge-scale  integrated  circuits  (ULSIs)  becomes  smaller, 
the  resistance-capacitance  (RC)  delay  time  of  their  interconnects  restricts  the  circuit 
performance.  In  an  effort  to  reduce  the  RC  delay,  the  conventional  aluminum/SiOj 
interconnects  have  been  replaced  with  copper  (Cu)/low  dielectric  (low-A:)  film  inter¬ 
connects  [12].  Since  Cu  film  cannot  be  etched  easily  by  plasma,  owing  to  the  low 
volatility  of  Cu  compounds,  precise  etching  technology  for  low-^  films  must  be 
developed.  Moreover,  as  a  way  of  reducing  the  dielectric  constant,  introducing  pores 
into  low-A:  film  (porous  low-A:  film)  has  been  investigated  [13,  14].  Many  kinds  of 
low-^  films  have  been  proposed;  however,  SiOCH  film  is  the  most  widely  accepted. 
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This  is  due  to  such  factors  as  easy  transfer  from  the  SiO^  process,  high  thermal 
stability,  and  high  Young’s  modulus  [15].  As  pores  are  introduced,  damage  by  ultra¬ 
violet  (UV)  photon  irradiation  from  the  plasma  during  the  SiOCH  film  etching 
becomes  a  serious  problem.  It  was  reported  that  UV  irradiation  removes  the  methyl 
groups  (CHj)  from  porous  SiOCH  low-A:  film,  resulting  in  an  increase  in  the  dielectric 
constant  [16-18].  To  solve  these  problems,  the  effects  of  UV  irradiation  on  low-^ 
film  during  low-A:  etching  processes  must  be  monitored  and  controlled. 

On  the  other  hand,  since  most  of  these  conventional  gases  have  high  global 
warming  potential  (CF^:  6500  and  C^F^:  8700),  from  the  viewpoint  of  protecting  the 
global  environment,  significantly  reducing  their  emissions  is  strongly  urged  [19, 
20].  Samukawa  et  al.  previously  proposed  a  new  environmentally  harmonized  gas 
chemistry  using  CF^I  and  C^F^  gases  to  replace  these  conventional  gases  because 
they  have  low  global  warming  potential  (<1.0)  [21,  5,  22,  11].  CF^I  and  C^F^  gen¬ 
erate  CFj  and  CF^  radicals  selectively  because  the  binding  energies  of  C-I  (2.4  eV) 
and  C=C  (2.8 eV)  are  much  smaller  than  that  of  C-F  (5.6eV).  By  controlling  the 
flow  rates  of  CF^I  and  C^F^,  in  a  previous  study,  we  achieved  highly  selective  SiO^ 
contact  hole  etching  at  a  high  rate  [11].  Moreover,  we  also  developed  a  technique  for 
pulse-time  modulation  of  an  etching  plasma  [23].  Pulse-time-modulated  plasma 
generates  many  negative  ions  and  reduces  charge  buildup  damage  and  UV  irradia¬ 
tion  damage.  In  this  process,  the  input  power  is  turned  on  and  off  at  a  rate  of 
10-100  ps.  There  is  no  UV  irradiation  during  the  pulse-off  time.  In  addition,  we  also 
reported  that  the  negative  ions  in  the  pulsed  plasma  play  a  beneficial  role  in  the  etch¬ 
ing  [24-28]. 

In  the  present  study,  we  investigated  low-damage  porous  SiOCH  low-k  etching  by 
CFjI  plasma  (as  compared  with  CF^  plasma).  In  addition,  we  investigated  the  effect 
of  pulsed  CFjI  plasma  [28]  for  increasing  the  performance  of  porous  SiOCH  low-k 
etching. 


30.3  EXPERIMENTAL 

A  schematic  diagram  of  the  experimental  setup  to  generate  inductively  coupled 
plasma  (ICP)  as  a  plasma  source  (i)  for  low-k  etching  and  (ii)  for  UV  spectroscopy  is 
shown  in  Figure  30.11.  A  one-turn  antenna  was  driven  by  a  13.56-MHz  rf,  which 
generated  a  plasma  with  high  density  of  more  than  10"cm“^.  The  diameter  of  the 
chamber  was  400  mm,  and  the  plasma  uniformity  was  about  10%  on  a  6-in.  wafer.  A 
rf  bias  of  1  MHz  was  applied  to  accelerate  the  ions  toward  the  substrate  during  low-k 
etching  (Fig.  30.11a).  The  typical  pressure,  gas  flow,  source  power,  and  bias  power 
were  20mTorr,  30 seem,  500W  (continuous  wave  [cw]),  and  50W,  respectively.  The 
UV  spectrum,  low-k  etching  characteristics,  and  low-k  damage  in  the  CF^I  plasmas 
were  evaluated.  As  compared  with  CF^I  plasma,  we  also  evaluated  the  CF^  plasma 
because  the  CF^  gas  has  a  molecular  structure  similar  to  the  CF^I  gas  and  it  is  widely 
used  for  low  line-edge-roughness  (LER)  low-k  etching  processes. 

UV  spectra  were  measured  by  a  vacuum  UV  spectrometer  (Acton  research  VM 
502),  located  at  the  bottom  of  the  chamber,  through  a  pinhole  that  was  80  mm  deep 
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FIGURE  30.11  Schematic  diagram  of  experimental  setup  to  generate  inductively  coupled 
plasma  (a)  for  low-A^  etching  and  (b)  for  UV  spectroscopy  measurement. 

and  1  mm  in  diameter  (Fig.  30.  lib).  The  UV  intensities  in  the  wavelength  range  from 
200  to  400  nm  were  measured,  and  the  measurement  step  was  1  nm.  To  observe  the 
UV  damage,  the  UV-induced  current  in  UV  sensors  and  charge-pumping  current  in 
metal-nitride  oxide  semiconductor  field-effect  transistors  (MNOSFETs)  were  evalu¬ 
ated  (Fig.  30.12).  The  induced  currents  in  the  SiO^  and  SiOCH  sensors  (Fig.  30.12a, 
b)  were  measured  by  applying  voltage  to  the  electrode  when  the  UV  light  with  higher 
energy  than  the  bandgap  was  irradiated  [29-31].  This  is  because  an  electron-hole 
pair  is  generated  by  UV  irradiation  [32].  A  rigid  chemical  vapor-deposited  (CVD) 
SiOCH  film  was  deposited  as  a  low-A:  film;  it  had  almost  the  same  composition  as  the 
porous  low-A:  film  evaluated  in  this  chapter.  To  evaluate  the  effects  of  UV  on  the 
electrical  characteristics  of  MNOSFETs,  we  measured  the  charge-pumping  current 
of  the  metal-nitride  oxide  semiconductor  (MNOS)  samples  (as  in  Eig.  30.12c).  After 
UV  irradiation  of  the  MNOS  samples  for  5  min,  we  measured  the  charge-pumping 
current,  which  corresponds  to  the  interface-state  density  between  Si  and  SiO^  [33]. 
We  used  200-nm-thick  blanket  wafers  of  porous  CVD  SiOCH  (A:=2.5)  as  samples  for 
evaluating  low-A:  etching.  To  evaluate  trench  etching,  we  prepared  patterned  samples 
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FIGURE  30.12  Schematic  cross  section  of  (a)  SiO^  UV  sensor,  (b)  SiOCH  UV  sensor,  and 
(c)  MNOSFET. 


where  an  antireflective  film  (ARC)  and  low-A:  cap  film  were  etched  beforehand  using 
a  conventional  etching  technique.  The  thickness  of  the  low-A:  film  in  the  patterned 
sample  was  100  nm.  The  blanket  wafers  were  also  used  to  evaluate  the  low-A:  damage 
after  etching.  We  evaluated  the  dielectric  constant  using  a  mercury  (Hg)  probe,  and 
analyzed  the  film  by  X-ray  photoelectron  spectroscopy  (XPS)  and  Fourier  transform 
infrared  (FTIR)  spectrometry.  We  also  evaluated  the  species  desorption  by  thermal 
desorption  spectrometry  (TDS). 


30.4  RESULTS  AND  DISCUSSION 

30.4.1  UV  Spectrum  in  CF3I  and  CF4  Plasmas 

Figure  30.13  plots  the  UV  spectrum  in  the  case  of  the  CF^I  and  CF^  plasmas  as  a 
function  of  source  power.  Although  the  CF^I  plasma  had  several  sharp  peaks,  such  as 
at  206  nm,  the  UV  intensities  between  250  and  400  nm  are  much  smaller  than  those 
in  the  case  of  CF^  plasma.  We  presume  this  is  because  CF^I  plasma  has  few  high 
molecular  weight  radicals,  such  as  C^F^  [21,  22].  As  the  source  power  was  increased, 
in  the  CF^I  plasma  case,  the  UV  intensities  between  250  and  400  nm  did  not  change 
significantly  in  contrast  to  those  in  the  CF^  case.  This  result  also  reveals  that  the  CF^I 
plasma  did  not  generate  a  large  amount  of  high  molecular  weight  fluorocarbons. 

Figure  30. 14  shows  the  UV  spectrum  in  CF^I  and  CF4  pulsed  plasmas.  The  pulse-on 
time  was  fixed  at  50  ps.  In  the  case  of  CF^I,  the  UV  intensities  were  almost  eliminated 
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FIGURE  30.13  UV  spectrum  of  plasmas  as  a  function  of  ICP  power:  (a)  CFjl  and  (b)  CF^. 
Conditions:  20mTorr,  gas  flow:  30sccm,  continuous  source  power  (13.56MHz),  no  bias 
power,  and  substrate  temperature:  20°C. 
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FIGURE  30.14  UV  spectmm  as  a  function  of  pulse-off  time:  (a)  CF^I  plasma  and  (b)  CF^ 
plasma.  Conditions:  20mTorr,  gas  flow:  30sccm,  continuous/pulsed  source  power  (peak 
power=500W/13.56MHz,  pulse-on  time=50ps),  no  bias  power,  and  substrate  temperature:  20°C. 
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FIGURE  30.15  Induced  currents  of  UV  sensors  (a)  in  CF^I  plasma  on  ICP  power,  (b)  in  CF^ 
plasma  on  ICP  power  (both  pulse-on  and  -off  times  were  50  ps),  (c)  in  CF^I  plasma  on  pulse- 
off  time,  and  (d)  in  CF^  plasma  on  pulse-off  time  (the  peak  source  power  and  pulse-on  time 
were  500 W  and  50 ps,  respectively).  Other  conditions:  20mTorr,  gas  flow:  30  seem,  pulsed 
source  power  (13.56 MHz),  no  bias  power,  and  substrate  temperature:  20°C. 


as  the  pulse-off  time  increased,  while  the  UV  intensities  in  the  CF^  case  were  observed 
even  at  the  pulse-off  time  of  50  ps.  It  is  clear  from  these  results  that  the  UV  intensity  of 
the  CFjI  plasma  is  lower  in  the  wavelength  region  between  250  and  400  nm  than  that  of 
CF^  plasma.  Using  the  UV  sensors  we  developed,  we  evaluated  the  UV-induced  current 
in  low-^  film  when  the  UV  was  irradiated.  Figure  30.15  plots  the  induced  current  as  a 
function  of  source  power  and  pulse-off  time.  In  all  evaluations,  the  induced  current  by 
CF^  plasma  is  larger  than  that  by  CF^I  plasma.  The  binding  energy  between  Si  and  CH^ 
in  SiOCH  film  was  estimated  to  be  3-4  eV  [34].  This  indicates  that  UV  irradiation  in 
the  wavelength  range  of  300-400  nm  can  break  this  bond.  Accordingly,  we  can  specu¬ 
late  that  there  would  be  much  less  UV  damage  by  CF^I  plasma  than  by  CF^  plasma 
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FIGURE  30.16  Charge-pumping  currents  after  exposure  to  CF3I  and  CF^  plasma.  During 
pulse  time  modulations^  operation,  pulse-on  and  -off  times  were  both  50ps.  Other  conditions: 
20mTorr,  gas  flow:  30  seem,  source  power  of  500 W  (13.56 MHz),  no  bias  power,  substrate 
temperature:  20°C,  and  5  min. 


because  the  UV  intensities  between  wavelengths  of  300  and  400  nm  are  lower.  In 
addition,  to  show  the  effects  of  UV  irradiation  on  the  electrical  characteristics  of  a 
MNOSFET,  we  evaluated  the  charge-pumping  current  of  the  plasma-exposed  sample 
[35].  The  evaluation  result  suggests  that  the  interface  states  of  this  MNOSFET  are  gen¬ 
erated  by  UV  exposure  at  a  wavelength  between  250  and  400  nm,  corresponding  to  the 
bandgap  of  a  SiN  film.  The  charge-pumping  current  in  CF^  plasma  was  much  larger 
than  that  in  the  CF^I  plasma  (Fig.  30.16).  This  is  because  the  UV  intensity  between  250 
and  400  nm  in  the  CF^  plasma  is  larger  than  that  in  the  CF^I  one.  The  pulse  operation 
reduced  the  UV  irradiation  damage  that  occurs  with  both  gas  plasmas;  however,  the 
charge-pumping  current  in  pulsed  CF^I  plasma  was  much  lower  than  that  in  CF^  pulsed 
plasma.  Accordingly,  it  is  concluded  that  the  damage  in  Metal  Oxide  semiconductor 
(MOS)  devices  due  to  low-A:  etching  is  reduced  by  using  CF^I  plasma. 


30.4.2  Etching  Characteristics  of  Porous  Low-A:  Film  in  CF^I  Plasma 

Figure  30.17  shows  the  etching  characteristics  as  a  function  of  the  rf  bias  power  in 
the  CF3I  and  CF^  plasmas.  In  the  case  of  CF^I  plasma,  the  porous  SiOCH  etching 
selectivity  to  the  photoresist  is  much  higher  than  that  in  the  case  of  CF^  plasma.  We 
can  speculate  that  this  is  because  the  UV  irradiation  and  the  generation  of  F  radicals 
in  CF^  enhanced  resist  etching  (CF^I  plasma  can  generate  fewer  F  radicals  [36]). 
Figure  30.18  shows  the  etching  characteristics  as  a  function  of  pulse-off  time  in  the 
cases  of  CF^I  and  CF^  pulsed  plasmas.  In  the  case  of  the  CF^  plasma,  the  SiOCH 
etching  rate  drastically  decreased  as  the  pulse-off  time  increased,  while  the  SiOCH 
etching  rate  in  CF^  I  plasma  case  significantly  increased.  At  a  pulse-off  time  of  50  ps, 
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FIGURE  30.17  Etching  characteristics  as  a  function  of  bias  power:  fa)  CF3I  plasma  and 
(b)  CF^  plasma.  Blanket  wafers  were  used. 
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FIGURE  30.18  Etching  characteristics  as  a  function  of  pulse-off  time:  (a)  CF^I  plasma  and 
(b)  CF^  plasma.  Blanket  wafers  were  used. 


the  SiOCH  etching  rate  was  about  2.3  times  higher  than  that  in  the  case  of  the  con¬ 
tinuous  wave  CFjI  plasma.  We  previously  reported  that  the  etching  rates  for  Si,  An, 
PtMn,  NiFe,  and  SiO^  in  the  case  of  a  pulsed  plasma  increased  because  a  large 
amount  of  negative  ions  can  be  injected  into  the  substrate  during  the  pulse-off  time 
[24-28].  We  can  speculate  that  the  low-^  etching  rate  also  increases  due  to  the 
injected  negative  ions.  We  also  reported  previously  that  pulsed  CF^I  plasma  generates 
a  large  amount  of  negative  ions  by  dissociative  attachment  even  when  the  pulse-off 
time  is  less  than  30  ps  [28].  F“  and  I"  negative  ions  are  generated  through  dissociative 
attachment  in  the  pulsed  CF^I  plasma  and  their  densities  are  about  the  same  as  the 
positive  ions  [28,  37].  On  the  contrary,  the  number  of  negative  ions  in  CF^  pulsed 
plasma  is  small  because  the  attachment  cross  section  is  small  [38,  39].  Accordingly, 
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FIGURE  30.19  Trench  profiles  of  porous  low-^  films  etched  hy  CF^I  and  CF^  plasma. 
Conditions:  20mTorr,  gas  flow:  30  seem,  continuous/pulsed  source  power  (peak 
power  =  500W/13.56MFIz,  pulse-on  time  =  50ps),  bias  power:  50W  (IMFlz),  and  substrate 
temperature:  20°C. 

we  conclude  that  high  rate  and  highly  selective  low-A:  etching  can  be  achieved  with 
the  CFjI  pulsed  plasma. 

Figure  30.19  shows  low-A:  etching  profiles  as  a  function  of  pulse-off  time.  The 
trench  widths  in  the  case  of  the  CF^  plasma  are  much  larger  because  the  etching 
selectivity  to  photoresist  was  insufficient.  Since  the  etching  selectivity  to  the  photo¬ 
resist  in  the  CF^I  plasma  case  is  very  large,  well-controlled  trench  patterns  were 
achieved;  in  particular,  the  etching  profiles  were  drastically  improved. 

30.4.3  Evaluation  of  Low-A^  Damage  during  CF3I  Plasma  Etching 

The  UV  intensity  of  the  CF^I  plasma  in  the  wavelength  range  between  250  and  400  nm 
is  lower  than  that  of  the  CF^  plasma,  as  shown  in  Figure  30.13.  Since  the  UV  wave¬ 
length,  which  corresponds  to  the  binding  energy  between  Si  and  CH,,,  is  about  300- 
400  nm,  CF^I  plasma  can  reduce  the  amount  of  CH^  that  is  removed  from  a  SiOCH  film. 

To  observe  the  low-A:  damage  that  occurs  in  CF^I  plasma  etching,  we  evaluated  the 
dielectric  constant  after  etching  with  CF^I  and  CF^  plasmas.  We  used  a  blanket  porous 
SiOCH  wafer,  and  etched  to  a  depth  of  50  nm  into  the  wafer  (residual  thickness: 
150nm).  Figure  30.20  plots  the  dielectric  constants  as  a  function  of  the  pulse-off 
time.  The  dielectric  constant  of  low-k  film  exposed  to  CF^l  cw  plasma  was  about  0. 1 
smaller  than  that  in  the  case  of  the  CF^  cw  plasma.  The  dielectric  constant  of  low-A: 
film  exposed  to  the  pulsed  CF^I  plasma  with  a  pulse-off  time  of  50  ps  was  almost  the 
same  as  that  of  the  nonexposed  samples. 

To  clarify  how  the  dielectric  constant  increases  due  to  plasma  exposure,  we  ana¬ 
lyzed  a  plasma-exposed  film  by  FTIR,  TDS,  and  XPS.  We  used  a  blanket  porous 
SiOCH  wafer  and  etched  it  to  a  depth  of  50nm  (residual  thickness:  150nm). 
Figure  30.21  shows  the  Si-CH,,  peak  intensity  of  FTIR  as  a  function  of  the  pulse-off 
time.  The  sample  after  CF^I  plasma  etching  had  a  larger  number  of  methyl  groups 
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FIGURE  30.20  Dielectric  constants  of  porous  low-fe  films  after  exposure  to  CF3I  and  CF^ 
plasma  as  a  function  of  pulse-off  time.  Blanket  wafers  were  used.  Conditions:  20mTorr,  gas 
flow:  30sccm,  continuous/pulsed  source  power  (peak  power  =  500W/13.56MHz,  pulse-on 
time  =  50ps),  bias  power:  50W  (IMHz),  and  substrate  temperature:  20°C. 


FIGURE  30.21  Si-CH^  peak  intensities  of  porous  low-k  film  in  FTIR  analysis.  These  sam¬ 
ples  were  etched  by  CF^I  and  CF^  plasmas.  Blanket  wafers  were  used.  Conditions:  20mTorr, 
gas  flow:  30 seem,  continuous/pulsed  source  power  (peak  power  =  500W/13.56MHz,  pulse-on 
time  =  50ps),  bias  power:  50W  (IMHz),  and  substrate  temperature:  20°C. 


than  that  after  CF^  plasma  etching.  In  both  gases,  the  Si-CH^  peak  intensities 
increased  as  the  pulse-off  time  increased.  With  a  pulse-off  time  in  the  CF^I  plasma  of 
50  ps,  the  Si-CHj  peak  intensity  was  almost  the  same  as  in  the  case  of  the  nonex- 
posed  sample.  This  result  corresponds  to  that  for  the  dielectric  constant,  as  indicated 
in  Figure  30.20.  It  can  thus  be  concluded  from  Figures  30.20  and  30.21  that  the 
increases  in  the  dielectric  constant  are  due  to  the  removal  of  methyl  groups. 
Figure  30.22  shows  the  intensities  of  mass  spectrometry  during  TDS  analysis.  The 
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FIGURE  30.22  Peak  intensities  of  mass  spectrometry  as  a  function  of  stage  temperature  in 
TDS  analysis.  Blanket  wafers  were  evaluated  just  after  etching.  Conditions:  20mTorr,  gas 
flow:  30sccm,  continuous  source  power  (power=500W/13.56MHz),  bias  power:  50W 
(1  MHz),  and  substrate  temperature:  20°C. 
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FIGURE  30.23  Carbon,  fluorine,  and  iodine  concentrations  of  low-k  film  just  etched  by 
CFjI  and  CF^  plasmas.  Blanket  wafers  were  used.  Conditions:  20mTorr,  gas  flow:  30  seem, 
continuous  source  power  (power  =  500W/13.56MHz),  bias  power:  SOW  (IMHz),  and  sub¬ 
strate  temperature:  20°C. 


stage  temperature  increases  at  a  rate  of  60°Cmin“'.  Since  this  analysis  was  done  just 
after  etching,  the  H^O  (mass  =18)  mass  spectra  in  the  cases  of  CF^I  and  CF^  plasma 
exposures  show  little  difference.  However,  fluorine  atoms  (mass  =19)  were  desorbed 
from  the  CF^  plasma-exposed  samples  at  a  stage  temperature  of  over  150°C.  This 
indicates  that  the  samples  exposed  to  CF^  plasma  had  a  larger  amount  of  fluorine 
than  those  exposed  to  CF^I  plasma.  Figure  30.23  shows  the  film  composition  after 
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FIGURE  30.24  UV  damage  of  SiOCH  porous  low-^  film  by  CF  I  and  CF  plasma  irradiations. 


CF3I  and  CF^  plasma  etching  as  a  function  of  the  distance  from  the  surface  (depth). 
The  samples  were  cut  diagonally.  The  carbon  concentration  in  the  CF^I  case  is  almost 
constant  from  the  surface  to  the  bulk.  However,  in  the  CF^  plasma-exposed  sample, 
the  carbon  concentration  from  the  surface  to  the  60-nm  depth  was  smaller  than  that 
in  the  bulk.  The  fluorine  concentration  in  the  CF^  plasma  was  higher  than  that  in  the 
CF3I  plasma.  This  indicates  that  the  fluorine  in  the  CF^  plasma  was  able  to  easily 
attach  to  Si  dangling  bonds  where  the  methyl  groups  had  been  removed.  In  addition, 
since  no  iodine  signal  in  the  low-k  bulk  is  seen,  we  confirmed  that  the  effect  of  iodine 
on  etching  characteristics  was  very  small  [36]. 

Accordingly,  we  can  speculate  on  the  mechanisms  causing  the  differences  in  CF3I 
and  CF^  etching,  as  depicted  in  Figure  30.24.  In  the  CF^  plasma,  a  larger  number  of 
methyl  groups  are  removed  from  the  porous  SiOCH  by  UV  irradiation  with  an  energy 
of  3^eV.  Fluorine  or  H^O  is  absorbed  in  dangling  bonds  of  Si.  As  a  result,  the 
dielectric  constant  increases.  However,  we  can  assume  that  the  methyl  groups  are 
sustained  in  the  CF3I  plasma  because  this  plasma  produces  less  UV  irradiation. 


30.5  SUMMARY 

Low-damage  and  highly  selective  low-k  etching  could  be  achieved  by  using  an 
environmentally  harmonized  gas  chemistry  (CF3I)  plasma.  This  is  because  the  CF3I 
plasma  could  reduce  generating  UV  photons  and  F  radicals.  The  etching  rate  for 
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low-fc  film  is  drastically  increased  by  the  pulsed  CF^I  plasma.  It  is  concluded  from 
these  results  that  CF^I  gas  plasma  has  a  higher  potential  as  the  gas  chemistry  for 
practical  low-A:  etching. 
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31.1  CATALYST 

Acetic  acid  is  an  important  industrial  commodity  chemical  with  a  world  demand  of 
about  6.5  million  tons  per  year  and  many  industrial  rises.  The  preferred  industrial 
method  for  its  manufacture  is  by  the  carbonylation  of  methanol,  and  this  accounts 
for  approximately  70%  of  the  total  world  acetic  acid  manufacturing  capacity  [1]. 
The  carbonylation  of  methanol,  catalyzed  by  rhodium  carbonyl  iodide  complex 
cis-[Rh(CO)2l2]“,  was  invented  by  Monsanto  in  the  1960s  and  was  the  leading  tech¬ 
nology  for  25  years.  In  1996,  a  new,  more  efficient  process  for  the  carbonylation  of 
methanol,  the  so-called  Cativa  process,  was  developed  by  BP  Chemicals,  using  an 
iridium  catalyst  instead  of  a  rhodium  catalyst.  The  process  is  based  on  an  iridium 
carbonyl  iodide  catalyst,  such  as  the  [^(CO)^!^]”  (1).  The  Cativa  and  Monsanto 
processes  are  sufficiently  similar  that  they  can  use  the  same  chemical  plant.  The 
switch  from  rhodium  to  iridium  also  allows  the  use  of  less  water  in  the  reaction 
mixture.  This  change  reduces  the  number  of  drying  columns  necessary,  decreases 
formation  of  by-products,  such  as  propionic  acid,  and  suppresses  the  water  gas  shift 
reaction.  The  catalytic  cycle  for  the  Cativa  process,  shown  in  Figure  31.1,  begins  with 
the  reaction  of  methyl  iodide  with  the  square  planar  active  catalyst  species  (1)  to  form 
the  octahedral  iridium(III)  species  (2),  the  facial  isomer  of  [Ir(CO)2(CHj)Ij]“.  This 
oxidative  addition  reaction  involves  the  formal  insertion  of  the  iridium  (I)  center  into 
the  carbon-iodine  bond  of  methyl  iodide.  After  ligand  exchange  (iodide  for  carbon 
monoxide),  the  migratory  insertion  of  carbon  monoxide  into  the  iridium-carbon 
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(3) 

FIGURE  31.1  Reaction  of  Cativa  process. 

bond,  step  (3)  to  (4),  results  in  the  formation  of  a  square  pyramidal  species  with  a 
bound  acetyl  ligand.  The  active  catalyst  species  (1)  is  regenerated  by  the  reductive 
elimination  of  acetyl  iodide  from  (4),  a  deinsertion  reaction  [2].  The  acetyl  iodide  is 
hydrolyzed  to  produce  the  acetic  acid  product,  in  the  process  generating  hydroiodic 
acid,  which  is  in  turn  used  to  convert  the  starting  material  (methanol)  to  the  methyl 
iodide  used  in  the  first  step.  In  both  processes,  iodo  compounds  (CH^I,  CH^COI)  play 
a  very  important  role.  Initial  studies  by  Monsanto  had  shown  iridium  to  be  less  active 
than  rhodium  for  the  carbonylation  of  methanol.  Subsequent  research,  however, 
showed  that  the  iridium  catalyst  could  be  promoted  by  ruthenium,  and  this 
combination  leads  to  a  catalyst  that  is  superior  to  the  rhodium-based  systems.  The 
greater  stability  of  [MeIr(CO)2l3]“  compared  with  [MeRh(CO)2l3]“  accounts  for  the 
very  different  characters  of  the  reactions  catalyzed  by  the  two  metals.  It  is  suggested 
that  the  broad  features  of  the  Rh/Ir  reactivities  can  be  rationalized  since  the  M-C 
bond  to  a  5d  metal  (Ir)  is  generally  stronger  than  that  to  the  corresponding  4d  metal 
(Rh);  thus  if  metal-ligand  bond  making  plays  a  key  role  in  a  step,  then  the  5d  metal 
is  more  likely  to  react  faster  (e.g.,  in  the  oxidative  addition),  but  if  a  metal-ligand 
bond-weakening  or  -breaking  step  plays  a  key  role  in  a  process  (e.g.,  in  the  migra¬ 
tion),  it  is  likely  that  the  4d  metal  will  be  faster  (Fig.  31.2). 


31.2  STABILIZER 

Polyamides  or  nylons  are  the  first  engineering  plastics  and  still  represent  the  biggest 
and  most  important  class  of  these  types  of  material.  Polyamide  production  began 
with  the  synthesis  of  poly  (hexamethylene  adipamide),  the  original  “polyamide” 


STABILIZER 


549 


FIGURE  31.2  The  manufacture  of  acetic  acid  using  the  Cativa  process  1,  the  reactor  2, 
distillation  column  to  remove  methanol,  water,  and  carbon  monoxide.  Propionic  acid  is 
removed  on  further  distillation.  By  kind  permission  of  BP. 


)7H,NCH,CH,CH,CH,CH,CH,NH,  +  nHOOCCH,CH,CH,CH,COOH 


-H2O 


^  COICHp^CONHICHjI^NH 
Polyamide  66 


n 


.|.C0(CH2)5NH  ^ 
Polyamide  6 


FIGURE  31.3  Synthesis  of  Polyamide  66  and  Polyamide  6. 


that  was  conducted  by  Wallance  H.  Carothers  in  DuPont  Laboratory  in  1935 
(Fig.  31.3). 

This  invention  resulted  in  the  first  patent  for  the  production  of  synthetic  polyamides 
in  1937  and  the  subsequent  commercial  production  of  Polyamide  66  for  toothbrush 
filaments  by  DuPont  in  1938  [3].  In  1941,  DuPont  introduced  the  first  moldable  poly¬ 
amide  grades.  The  other  commercially  important  polypolyamide.  Polyamide  6,  based 
on  caprolactam  was  first  produced  at  the  IG  Farbenindustrie  in  Germany  by  P.  Schlack 
in  1938  [4].  Polyamides  are  a  versatile  family  of  thermoplastics  that  have  a  broad  range 
of  properties  ranging  from  relative  flexibility  to  significant  stiffness,  strength,  and 
toughness.  Major  properties  such  as  resistance  to  chemicals,  toughness,  thermal  sta¬ 
bility,  good  appearance,  and  good  process  ability  are  key  considerations  that  make 
polyamides  suitable  for  engineering  plastics.  Polyamide  6  and  Polyamide  66  continue 
to  be  the  most  popular  types  among  commercial  products,  still  accounting  for  90%  of 
the  nylon  used  in  the  global  market  [5].  According  to  industrial  statistics,  the  global 
consumption  of  Polyamide  6  and  Polyamide  66  in  the  world  was  estimated  at  around 
6.8  million  tons  in  201 1  [6].  One  of  the  major  applications  of  nylon  fibers  is  the  manu¬ 
facturing  of  tires,  where  heat  resistance  of  the  polymer  is  essential  [7].  For  example,  the 
tires  of  a  light  vehicle  while  driving  could  reach  a  temperature  near  120°C.  Potassium 
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FIGURE  31.4  Degradation  of  polyamide  by  O  and  light. 


and  cuprous  iodides  are  used  as  heat-stabilizing  agents  in  the  manufacture  of  Polyamide 
6  and  Polyamide  66.  The  iodide  and  cuprous  ions  inserted  within  the  nylon  polymer  net 
prevent  the  cracking  of  the  chemical  chain,  keeping  the  properties  of  the  material  on 
heavy-duty  conditions  (Fig.  31.4).  On  average,  the  use  of  potassium  and  cuprous 
iodides  allows  stabilization  up  to  170°C,  while  with  other  combinations  it  could  be 
25°C  less  [8].  Aromatic  amines  are  classical  stabilizers  for  long-term  thermal  stability 
(LTTS)  applications,  but  lead  to  discoloration  in  polyamides.  Phenolic  antioxidants 
also  help  to  stabilize  aliphatic  polyamides  by  improving  initial  color  after  polyconden¬ 
sation.  These  antioxidants  may  be  added  to  the  condensation  mass  preferably  prior  to 
termination  of  the  condensation  reaction.  At  elevated  aging  temperatures,  for  example, 
above  150°C,  the  copper/iodide  stabilizer  systems  show  best  performance,  but  at  low 
aging  temperatures,  the  phenolic  antioxidant  is  more  effective.  The  mechanism  of  sta¬ 
bilization  with  copper/halogen  compounds  is  still  subject  to  investigation.  In  the  case 
of  the  stabilization  of  polyamides  with  Cu  ions,  it  has  suggested  by  G.  Scott  that  the 
antioxidant  effect  is  catalytic.  Cu^^  oxidizes  an  alkyl  radical  to  a  carbonium  ion,  and  the 
Cu^  formed  in  this  reaction  reduces  alkylperoxy  radicals  [9].  It  is  also  described  that 
T  can  reduce  Cu^^  according  to  the  following  reaction: 


Cu"^  +  4r  ^  2CUI2  ^  2CuI  + 12 
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However,  according  to  the  experiments  using  model  compounds  (see  Fig.  3 1 .5)  by 
K.  Jannssen  et  al.  [10],  the  mechanism  postulated  here  (radical  scavenging)  cannot  in 
itself  be  responsible  for  the  stabilization  of  aliphatic  polyamides.  The  mechanism  of 
stabilization  is  probably  based  on  the  decomposition  of  hydroperoxides.  K1  is 
responsible  for  the  decomposition  of  hydroperoxides  into  nonradical  products, 
whereas  the  metal  salt  catalyzes  this  decomposition  reaction  by  complexation  of 
metal  salt  onto  an  amide  and/or  hydroperoxide  group.  It  is  confirmed  that  the 
combination  of  metal  salts  with  KI  results  in  a  synergistic  mixture.  Consequently,  the 
most  effective  stabilizers  against  the  long-term  thermooxidative  degradation  for  ali¬ 
phatic  polyamides  are  synergetic  combinations  of  metal  (mainly  Cu  and  Mn)  and 
halogen  (mainly  Br  and  I)  salts  [10]  (Tables  31.1  and  31.2). 


-CH2-CO-NH-CH-  -CH2-C0-N=CH- 


O2 


Cu2+  Cu+  +  H+ 


ROOH  ROO‘ 


Cu^'''+  41  — ►  2Cul2  — Cul  -I-  I2 
FIGURE  31.5  Stabilization  mechanism  of  polyamide. 


TABLE  31.1  Comparison  of  different  polymer  stabilizer  systems 


AO  system 

Advantages 

Disadvantages 

Cu/I 

Very  effective  at  low  concentrations. 

Dispersability  in  substrate  is 

Good  contribution  to  LTTS  at  aging 

critical.  Leaching  in  contact 

temperature  above  150°C. 

with  water  water/solvent. 
May  cause  discoloration. 

Aromatic 

Good  contribution  to  LTTS. 

Need  high  concentration. 

amines 

Discoloration. 

Phenols 

Good  contribution  to  LTTS  at  aging 
temperature  below  150°C.  Good  color 
performance.  Can  be  added  during 
condensation.  No  negative  interaction 
with  other  polymers  in  lends. 
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TABLE  31.2  Effects  of  stabilizer  systems  on  LTTS  at  different  temperatures 


Oven  aging,  time  to  50  retained  elongation,  hours  at 


Stabilizer 

100°C 

120°C 

150°C 

165°C 

None 

480 

24 

6 

3 

0.003%  Cu/0.14%  I 

5520 

624 

324 

44 

0.5%  AO-7 

6840 

600 

36 

15 

Polyamide  6;  1  mm  injected  molded  dumbbells  Circulating  air  oven. 


FIGURE  31.6  Synthesis  of  erythrosine. 


31.3  COLORANT 

Erythrosine  can  be  manufactured  by  iodination  of  fluorescein,  the  condensation 
product  of  resorcinol  and  phthalic  anhydride  [11,  12]. 

Erythrosine  is  used  as  a  food  coloring,  in  printing  inks,  as  a  biological  stain,  a 
dental  plaque  disclosing  agent,  and  a  radiopaque  medium  (Eig.  31.6).  Erythrosine  is 
commonly  used  in  sweets  such  as  some  candies  and  popsicles,  and  even  more  widely 
used  in  cake-decorating  gels.  In  1990  erythrosine  was  partially  banned  by  the  Eood 
and  Drug  Administration  (EDA)  for  known  health  risks,  specifically  thyroid  cancer. 
However,  a  series  of  toxicology  tests  combined  with  a  review  of  other  reported  studies 
concluded  that  erythrosine  is  nonmutagenic  [13].  Erythrosine  can  be  used  in  colored 
food  in  the  United  States  without  any  restriction  [14].  The  ADE  for  erythrosine  was 
determined  by  JEECA^  to  be  0. 1  mg  kg  '  body  weight  based  on  erythrosine’s  NOEL^ 

*  ADI  (acceptable  daily  intake)  is  used  widely  to  describe  “safe”  levels  of  intake. 

^  Joint  FAOAVHO  Expert  Committee  on  Food  Additives  (JECFA). 

^  The  no  observable  effect  level  (NOEL)  is  the  dose  (mg  kg"')  at  which  there  is  no  adverse  effect. 
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Criptocyanine 


FIGURE  31.7  Other  dyes  contain  iodine. 


FIGURE  31.8  Iodine  containing  dyes:  Erythrosine  B  (left),  Rose  Bengal,  cyanine,  Cryptosyanine 
(right).  (See  insert  for  color  representation  of  the  figure.) 


for  thyroid  and  pituitary  glands  [15].  Some  other  dyes  contain  iodine,  including 
Erythrosine  B  and  Rose  Bengal  and  blues  from  the  cyanine  group  like  Criptocyanine, 
cyanine,  and  pinachrome  (see  Figs.  31.7  and  31.8).  Those  are  used  in  printer  inks, 
photographic  sensitizers,  and  some  textile  dyes. 
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32.1  INTRODUCTION 

The  element  iodine,  jj’l ,  like  fluorine,  chlorine,  and  bromine,  belongs  to  group  17 
of  the  periodic  table.  This  group  of  elements  is  also  called  the  halogens,  with  iodine 
being  less  abundant  both  in  the  Earth’s  crust  and  in  seawater  than  the  lighter  elements 
of  the  halogens.  The  basic  inorganic  chemistry  of  the  halogens  is  surprisingly  well- 
understood,  partly  because  much  of  the  chemistry  of  halogens  is  that  of  singly  bonded 
atoms  or  singly  charged  anions  [1-4].  Since  the  discovery  of  iodine  the  question  of 
its  occurrence  and  distribution  in  nature  has  attracted  the  interest  of  numerous 
researchers  [5].  The  known  iodine  minerals  seem  to  be  formed  and  exist  only  in 
the  upper  layers  of  the  Earth’s  crust,  and  only  in  deposits  of  organic  origin.  These 
minerals  are,  however,  relatively  rare.  Most  likely,  the  iodine  content  was  enriched 
by  organisms  capable  of  accumulating  iodine,  and  through  the  decay  of  these  organ¬ 
isms  it  was  withdrawn  from  the  organic  circulation.  Another  interesting  feature 
relates  to  the  observation  that  iodine  solutions  may  be  either  violet  or  brown,  the 
color  depending  upon  the  solvent.  This  variation  of  color  with  solvent  has  intrigued 
many  chemists  and  has  been  the  subject  of  numerous  intensive  investigations  on 
solutions  of  iodine  [6]. 

The  predominant  chemical  forms  of  iodine  are  iodide  (I“,  formal  oxidation  state-1), 
iodate  (lO^",  -5),  and  organic  iodine  compounds  (R-I).  In  the  biogeochemical  cycling 
of  iodine,  microorganisms,  together  with  marine  algae  and  phytoplankton,  play  crucial 
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FIGURE  32.1  Schematic  representation  of  the  biogeochemical  cycle  of  iodine.  The  primary 
source  of  the  condensable  iodine  vapors  is  thought  to  be  molecular  iodine  (I^).  Photolysis  or 
other  processes  lead  to  the  formation  of  I-  radicals  and  iodine  oxides,  impacting  the  ozone 
layer.  Iodine  is  deposited  on  land  or  back  into  the  sea  by  rainfall  or  aerosols.  From  Ref.  [9]. 
Permission  from  ICUr. 


roles  via  the  production  and  remineralization  of  R-I  and  via  the  redox  chemistry  of 
mainly  U  and  IO3-  [7,  8]  (Fig.  32.1). 

Notably,  halogen  substituents  frequently  add  structural  features  to  organic  com¬ 
pounds  that  account  for  their  potency  and  selectivity.  These  molecules  carrying 
carbon-halogen  bonds  constitute  a  diverse  group  of  natural  products  that  display  a 
wide  range  of  biological  activities,  including  anticancer  and  antibiotic  properties. 
Many  times,  synthetic  methods  of  introducing  halogens  into  complex  molecules  prove 
to  be  difficult.  Nature,  however,  has  evolved  a  sophisticated  toolbox  for  halogenating 
specific  substrates  fulfilling  the  requirements  of  both  regio-  and  stereoselectivity. 
Over  4000  organohalogens  have  been  naturally  described  with  the  majority  isolated 
from  marine  organisms  [10-14].  Several  enzymatic  strategies  for  the  incorporation  of 
halogen  atoms  into  organic  substrates  are  known.  Halogenation  is  common  amongst 
marine  algal  natural  products  and  was  largely  thought  to  derive  primarily  from  vana¬ 
dium-dependent  haloperoxidases  (V-HPO).  Note  that  the  catalogue  of  known  haloge¬ 
nating  enzymes  has  expanded  from  the  familiar  HPOs  to  include  oxygen-dependent 
enzymes  and  fluorinases.  Structural  characterization  has  provided  a  basis  toward  a 
mechanistic  understanding  of  the  specificity  and  chemistry  of  these  enzymes. 


BASIC  CHEMISTRY  OF  IODINE  AND  ITS  COMPOUNDS 


559 


Halogenating  enzymes  can  be  divided  into  the  hydrogen  peroxide  (H202)-requiring 
HPOs  (heme-  or  vanadium-dependent),  the  oxygen-dependent  halogenases  (flavin- 
or  non-heme  iron-dependent),  and  the  nucleophilic  halogenases.  For  all  classes  of 
halogenating  enzymes,  structural  information  has  become  available  in  recent  years 
and  has  proven  critical  for  our  understanding  of  the  mechanism  [15-19]. 

Clearly,  reactions  involving  the  transformation  of  both  inorganic  and  organic 
halogen  compounds  including  those  of  iodine  have  a  profound  influence  on  the  prop¬ 
erties  of  the  biosphere  and  continue  to  affect  our  daily  life.  Because  of  its  global 
importance,  research  on  the  biogeochemistry  of  iodine  and  its  compounds  has 
become  an  important  issue  as  documented  by  numerous  publications  in  biology, 
chemistry,  and  the  environmental  sciences.  In  view  of  the  complexity  of  the  topic, 
two  comprehensive  reviews  are  recommended  for  further  reading  [5,  20]. 

In  this  chapter,  the  manifold  roles  of  iodine,  a  prominent  member  of  the  halogen 
element  family,  will  be  discussed.  Emphasis  is  laid  on  bioinorganic  aspects  of  iodine 
compounds  including  the  transformation  of  hypoiodite  by  vanadium-dependent 
enzymes.  The  structure  and  function  of  these  enzymes  will  be  highlighted. 


32.2  BASIC  CHEMISTRY  OF  IODINE  AND  ITS  COMPOUNDS 
32.2.1  General  Properties 

In  the  ground  state,  the  gaseous  iodine  atom  has  two  electrons  in  the  outer  s  orbital 
and  five  electrons  in  the  outer  p  orbitals  ([Kr]  4d'®5s^5p^  electron  configuration).  The 
'^’I  isotope  (natural  abundance  100%;  atomic  mass  126.904473  ma/u)  has  a  magnetic 
moment  /i//<|.j  =  2. 81328  and  a  nuclear  spin  7=5/2.  Thus,  nuclear  magnetic  and 
electron  paramagnetic  resonance  spectroscopies  (NMR,  EPR)  can  be  applied  as 
structural  tools.  Note  that  '^^I  is  a  quadrupolar  nucleus,  which  makes  its  observation 
by  NMR  spectroscopy  difficult.  However,  in  a  highly  symmetrical  environment,  for 
example,  in  the  [IF^]^  cation,  narrow  linewidths  and  perfectly  well-resolved  hyper- 
fine  splittings  can  be  observed  in  the  '^^I  NMR  spectrum  [21].  Iodine  is  never  found 
in  nature  as  a  free  element.  Iodine  occurs  as  iodide  (I“)  in  seawater  and  is  taken  up  by 
seaweed,  from  which  it  has  traditionally  been  extracted  (Section  32.3).  Chilean 
nitrate  deposits  contain  up  to  0.3%  calcium  iodate,  Ca(I03)2,  also  called  Lautarite 
after  the  type  locality  Oficina  Lautaro,  Antofagasta,  Chile  [22].  It  acts  as  an  oxidant, 
and  can  thus  be  added  to  lotions  and  ointments  as  an  antiseptic  and  deodorant. 
Diiodine  (I^)  is  a  bluish-black,  lustrous  solid  that  turns  into  a  bluish- violet  gas  with 
an  irritating  odor  at  ambient  temperatures.  The  observed  colors  of  the  halogens  arise 
from  an  electronic  transition  from  the  highest  occupied  it*  molecular  orbital  (HOMO) 
to  the  lowest  unoccupied  it*  molecular  orbital  (LUMO).  The  HOMO-LUMO  energy 
gap  decreases  in  the  order  F2>Cl2>Br2>Ij,  leading  to  a  progressive  shift  in  the 
absorption  maximum  from  the  near-ultraviolet  (UV)  to  the  red  region  of  the  visible 
spectrum.  Iodine  forms  compounds  with  most  elements,  but  it  is  less  reactive  than  the 
other  halogens,  which  displace  it  from  iodides.  I^  shows  some  metallic-like  prop¬ 
erties;  it  dissolves  readily  in  organic  solvents  such  as  chloroform  (CHCl,,),  carbon 
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tetrachloride  (CCl^),  or  carbon  disulfide  (CS^)  forming  purple  solutions.  Diiodine  is 
much  more  soluble  in  aqueous  iodide  solutions  than  in  water.  At  low  concentrations 
of  Ij,  the  complex  anion  [1^]“  is  formed.  Iodine  compounds  are  important  in  organic 
chemistry  and  very  useful  in  medicine  and  photography.  Lack  of  iodine  is  the  cause 
of  goiter  (Derbyshire  neck).  The  intense  blue  color  with  starch  solution  is  characteristic 
of  the  free  element. 


32.2.2  Acid-Base  and  Redox  Chemistry 

Iodine  shares  typical  characteristics  of  the  halogens,  such  as  the  relatively  high 
electronegativity  value  of  2.7  (Pauling  scale),  which  compares  to  4.0  (F),  3.2  (Cl), 
and  3.0  (Br).  Consequently,  it  forms  iodides  with  many  elements,  and  it  can 
undergo  radical  reactions.  Although  none  of  the  halogens  has  been  shown  to 
form  a  discrete  and  stable  cation  X^,  complexed  or  solvated  L  does  exist,  for 
example  [^py)^]'^  in  the  salt  [^py)^]^  [I3]x2l2  [23].  Notably,  halonium  ions  are  well- 
established  since  the  1930s,  in  which  formally  positively  charged  halogens  are 
attached  to  two  carbon  atoms  through  three-center  bonds.  They  are  known  to  be  a 
great  source  for  unique  pathways  in  the  synthetic  chemistry  of  organochlorides, 
bromides,  and  iodides.  Mechanistic  studies  of  these  ions  allowed  significant 
insights  into  the  origins  of  stereoselectivity  in  addition  and  displacement  reactions, 
lodonium  ions,  such  as  [^Phe)^]^,  are  quite  stable,  often  isolable,  and  synthetically 
useful  as  reagents.  Bromonium  and  chloronium  ions  are  only  occasionally  isolable, 
but,  nonetheless,  well-documented.  Most  recently,  it  was  demonstrated  that  fluo¬ 
rine  can  react  through  halonium  ion  pathways,  and  strong  evidence  was  provided 
for  the  transient  generation  of  a  fluoronium  ion  in  solution  [24]. 

The  standard  reduction  potential  E°  (XJ2X~)  for  X  =  I  is  H-0.54V  compared  to  H- 
2.87  V  (F),  H-1 .36  V(C1)  and  1 .09  V  (Br).  The  first  ionization  energy,  lE^,  of  I  is  1008  kJ 
mol-',  compared  to  1681  kJ  moL'  (F),  1251  kJ  moL'  (Cl),  and  1 140 kJ  moL'  (Br).  The 
values  of  E°  indicate  the  decrease  in  oxidizing  power  within  the  series  F^  >  Cl^  >  Br^  >  I^. 
Iodine  is  known  in  compounds  with  formal  oxidation  states  ranging  from  -1  to  h-7. 
The  high  positive  oxidation  states  are  mainly  observed  in  compounds  with  the  very 
electronegative  elements  oxygen  and  fluorine.  However,  since  the  polarizability  of 
iodine  is  quite  high,  the  chemical  bonds  formed  with  the  more  electropositive  ele¬ 
ments  in  the  periodic  table  tend  to  contain  a  fair  degree  of  covalency.  Among  the 
halogens,  iodine  is  more  easily  oxidized  and  more  easily  converted  to  stable  salts 
containing  the  element  in  the  H-1  oxidation  state.  Ij  is  not  reactive  toward  dioxygen 
(Oj)  or  dinitrogen  (N^),  but  it  does  react  with  ozone  (O^)  to  form  the  unstable  yellow 
oxide  I4OJ,,  the  nature  of  which  is  perhaps  ^lOj)^.  However,  a  stable  oxide,  IjO^,  can 
be  prepared  as  a  white,  hygroscopic  solid  by  the  dehydration  of  iodic  acid  (HIO^).  In 
water,  I^  disproportionates  into  iodide  anion  and  the  hypoiodite  anion,  OI",  the  anion 
of  hypoiodous  acid,  HIO  (pK  10.64).  Hereby,  the  position  of  the  equilibrium  depends 
upon  the  pH  of  the  solution  (Eq.  32.1). 

I2  +  H2O  or  +  2H^  +  r 


(32.1) 
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In  general,  hypohalous  acids,  HOX,  are  obtained  in  aqueous  solution  by  the  reac¬ 
tion  of  Xj  with  Hg(II)0  (Eq.  32.2). 

2X2+3Hg0^Hg302X2+2H0X  (32.2) 

Ij+r  V  (32-3) 

The  chemical  oxidation  of  to  by  lOH  or  I^/HOI  has  been  known  for  a  long 
time  [25].  The  mixture  of  1“  and  represents  a  pseudo  autocatalyzed  redox 

system  whose  equilibrium  depends  strongly  on  pH  conditions,  with  the  degradation 
of  HjOj  lowest  around  pH  5-7.  The  triiodide  anion,  I^”,  is  the  result  of  complex 
formation  between  and  1“  (Eq.  32.3)  [26].  The  equilibrium  constant  of  formation 
is  quite  small  (X^  =  830M“')  and  I^/I”  complexation  is  weak  in  diluted  solutions. 

Iodine  rapidly  oxidizes  thiosulfate,  to  tetrathionate,  a  classical 

reaction  in  inorganic  titrimetric  analysis  (Eq.  32.4).  In  contrast,  both  CI^  and  Br^  react 
slowly  with  this  sulfur  compound  and  oxidize  it  to  sulfate,  SO^^“. 

Ij  +  2S2O3"'  S4O/'  +  2r  (32.4) 

The  transformation  of  thiosulfate  by  different  oxidizing  agents  including  iodine 
exhibits  complex  reaction  kinetics.  Besides  the  major  product,  sulfate,  many  sulfur- 
containing  intermediates  (mainly  polythionates  with  a  considerably  long 

half-life)  are  produced.  In  the  case  of  the  reaction  between  pentathionate,  and 

I3,  the  formation  of  a  stable  SjO^I”  was  postulated  to  explain  the  inhibitory  effect  by 
the  iodide  anion.  The  main  outcome  of  these  detailed  kinetic  investigations  indicates 
that  the  oxidation  of  polythionates  eventually  leading  to  sulfate  starts  with  an  initi¬ 
ating  equilibrium  (a  formal  I-H  transfer  to  the  inner  sulfur  of  the  sulfur  chain  to  pro¬ 
duce  S^Ogl”)  in  which  the  iodide  ion  is  also  involved  [27].  Iodine  reacts  with  the  other 
members  of  the  halogen  element  family  under  a  variety  of  experimental  conditions  to 
form  several  interhalogen  compounds,  such  as  the  colorless  gases  pentafluoride 
iodine  (V)  fluoride  (IFj/coordination  number  5/coordination  geometry  square-based 
pyramidal)  and  heptafluoride  iodine(VII)  fluoride  (IE3/7/pentagonal  bipyramidal), 
the  low  melting  solid  iodine(I)  bromide  (IBr),  or  the  yellow  solid  iodine  (III)  chlo¬ 
ride,  actually  IjCl^.  The  most  stable  of  the  diatomic  interhalogens  are  CIF  and  ICl, 
while  IBr  dissociates  to  some  extent  into  its  elements,  and  BrCl  is  substantially  dis¬ 
sociated.  In  the  presence  of  water,  I^  reacts  with  Cl^  to  form  HIO3  (Eq.  32.5). 

I3  +  6H3O  +  5CI3  ^  2HIO3  +  lOHCl  (32.5) 

This  acid  is  also  produced  in  the  reaction  of  I^  with  hot  concentrated  nitric  acid, 
which  is  reduced  to  nitric  oxide  gas  (NO)  (Eq.  32.6) 

3I2  +  IOHNO3  ^  6HIO3  +  lONO  +  2H3O  (32.6) 


In  hot  alkali  solution,  I^  produces  iodate,  IO3  (Eq.  32.7). 

3I2  (g)  +  60H^  (aq)  ^  103“  (aq)  +  5r  (aq)  +  3H3O 


(32.7) 
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In  addition  to  HOI  and  HIO^,  several  periodic  acids  are  known,  the  most  prominent 
examples  are  periodic  acid,  HIO^  (p/T^  1-64),  and  orthoperiodic  acid,  H^IO^  (pA"^  3.3). 

32.2.3  Coordination  Chemistry 

Although  listed  as  a  rather  weak  coordinating  ligand,  the  iodide  anion  forms  many 
interesting  and  structurally  well-characterized  metal  complexes.  Probably  the  most 
widespread  class  of  metal  complexes  involving  anionic  ligands  (M"^^IX")  is  that  of 
the  complexes  of  the  halide  ions  fluoride,  chloride,  bromide,  and  iodide.  The  stabil¬ 
ities  of  halide  complexes  span  an  enormous  range — from  the  alkali  metal  ions, 
whose  formation  of  halide  complexes  in  aqueous  solution  can  barely  be  detected,  to 
extremely  stable  complexes,  such  as  the  tetraiodidomercurate,  [Hg(II)I^]^",  or  tetra- 
chloridothallate,  [T1(III)C1^]“,  the  extent  of  whose  dissociation  is  extremely  small. 
The  stabilities  of  halide  complexes  reflect  a  pattern  by  which  metal  ions  (and 
ligands)  can  be  divided  into  two  general  classes,  as  class  A  {hard)  and  class  B  (soft), 
respectively  [28-31].  For  hard  (class  A)  metal  ions,  such  as  LP,  Mg^’^,  Co^^, 

Fe^’^,  or  Cu^"^,  the  order  of  increasing  stability  of  the  halide  complexes  in  aqueous 
solution  is  iodides  < bromides < chlorides  < fluorides.  Conversely,  for  the  soft  (class  B) 
metal  ions,  which  include  Cu^,  Ag^,  Pd^^,  PF"^,  Hg^^,  and  TP"^,  the  order  of  increasing 
stability  of  the  halide  complexes  is  fluorides  <  chlorides  <  bromides  <  iodides.  Thus, 
F“,  Cl“,  HjO,  NHj,  OH",  and  CHjCOO"  belong  to  the  class  of  hard  ligands,  whereas 
I",  CO,  P(CgHj)3,  CjH^,  and  RSH/RS"  are  regarded  as  soft  ligands.  In  contrast 
to  hard  metal  ions,  the  soft  metal  ions  also  tend  to  form  more  stable  complexes  with 
(soft)  sulfur-containing  ligands  than  with  (hard)  oxygen-containing  ligands.  There 
is  roughly  a  20-kcal  difference  between  the  free  energies  of  formation  of  HCl 
and  HI  favoring  the  reaction  [MClg]^'”"'’-i-HI^  [MI^]+'""'’h-HC1.  Even  with  metals 
showing  pronounced  class  A  group  behavior,  this  equilibrium  may  be  well  to  the 
right.  Furthermore,  if  the  conversion  of  solid  salts  from  chlorides  to  bromides  or 
iodides  is  carried  out  with  liquid  HBr  or  HI,  the  much  higher  volatility  of  HCl 
further  promotes  the  conversion,  which  allows  the  spectroscopic  characterization  of 
the  extremely  weak  hexaiodido  complexes  of  trivalent  lanthanides  (Sm,  Eu,  Tm, 
and  Yb)  as  triphenylphosphonium  or  pyridinium  salts.  By  the  same  procedure,  salts 
of  iodido  complexes  of  several  d  group  metal  ions,  which  are  strongly  oxidizing 
toward  the  iodide  ion,  were  prepared  as  [Ti(IV)Ig]^“,  [Ee(III)I^]"  and  [Au(III)I^]".  An 
attempt  to  prepare  [Cu(II)I^]^"  was  unsuccessful  [32,  33].  On  the  other  hand,  a  bis(p- 
iodido)dicopper(I)  complex  (supported  by  [A-(3,5-di-fert-butyl-2-hydroxybenzyl)- 
A,A-di-(2-pyridylmethyl)]amine)  could  be  crystallized  and  characterized,  as 
expected  from  the  class  A/class  B  pattern  [34].  Ee(III)  iodide  and  iodido  Ee(III) 
complexes  were  compounds  not  very  familiar  to  inorganic  chemists  in  the  past.  In 
one  of  the  principal  monographs  on  inorganic  photochemistry  it  was  stated  that 
“complexes  between  Fe(III)  and  strongly  reducing  ligands  (e.g.,  I")  are  so  black  that 
they  cannot  exist”  [35].  The  main  reason  for  such  a  statement  and  general  belief 
derive  from  the  known  reducing  effect  of  the  anion  I"  towards  the  cation  Fe^"^ 
expressed  by  means  of  the  standard  electrode  potential  values  ^“(Felll/Fell)  =  0.77  V, 
and  £°(Ij/I“)  =  0.54  V.  One  method  to  overcome  the  thermodynamic  barrier  and 
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stabilize  the  Fe(III)-I“  bond  was  documented  for  [Fe^SjCNEtj)]^  in  1967,  followed 
by  iron(III)  iodido  complexes  with  Schiff  base  ligands,  namely  [Fe(salen)I],  and 
finally,  by  applying  low-temperature  photochemical  synthesis,  pure  Fel^  was  also 
prepared  as  recently  reviewed  [36]. 

In  simple  Crystal  Field  Theory  (CFT),  placing  ligands  as  point  charges  around  the 
metal  ion  in  an  octahedral  ligand  field,  one  of  the  factors  governing  the  magnitude  of 
the  crystal  field  splitting  energy,  A  (lOdq),  is  the  nature  of  the  bound  ligands.  For  a 
metal  ion,  the  field  strength  increases  according  to  the  spectrochemical  series,  with 
weak  to  strong  field  ligands:  I“<Br"<SCN“<Cl“<N3“<F“<0FI“<0^“<NCS“<N0 
2“<CN",  CO.  Here  CO  and  CN‘  are  strong  field  ligands  and  F  is  the  weakest.  Note 
that  CFT  helps  to  explain  thermodynamic  properties,  reactivity,  color  (e.g.  black 
PtClg^“  vs  yellow  Ptlg^“)  and  magnetism  of  metal  complexes.  However,  as  model  for 
chemical  bonding,  it  is  not  fully  realistic  as  both  ionic  and  covalent  forces  are  impor¬ 
tant  in  metal  bonding.  When  discussing  the  reactivity  of  metal  complexes,  a  ligand 
LI  can  lahilize  another  ligand  L2  situated  180°  from  LI  in  substitution  reactions. 
This  is  called  the  trans  effect  which  has  been  studied  extensively  for  square  planar 
Pt(II)  complexes,  such  as  cis-  and  frani-Pt(II)(NHj)2Cl2.  In  the  frani-influencing 
series  of  ligands,  1“  takes  an  intermediate  position  between  CN“  (strong  effect)  and 
HjO  (weak  effect),  but  is  more  effective  than  Br“  and  Cl".  Briefly,  two  factors  con¬ 
tribute  to  the  trans  effect,  a  thermodynamic  effect  (strong  a  donation  of  LI  into  the 
metal  orbital  dx^-y^  lengthens  the  metal-L2  bond)  and  a  kinetic  effect  (ligands  with 
good  Tt  acceptor  capacity  can  stabilize  a  5-coordinate  transition  state)  [37,  38]. 


32.3  IODINE  IN  SEAWEEDS  AND  MICROBES 

32.3.1  Discovery  and  Early  Studies  of  Iodine  in  Seaweed  Ashes 

Knowledge  of  the  beneficial,  goiter-preventing  effects  of  seaweeds — undoubtedly 
due  to  their  iodine  content — goes  back  to  Chinese  emperor  Shen-Nung  (around  3000 
BC).  It  was  not  until  the  time  of  Hippocrates,  the  forefather  of  modern  medicine,  that 
this  knowledge  reached  Europe  [39].  Still,  the  element  responsible  for  these  pharma¬ 
cological  effects  remained  elusive  until  the  nineteenth  century.  Under  pressure  of  the 
blockade  of  ports  by  the  British  Royal  Navy,  de  facto  shutting  down  the  import  of 
raw  materials  for  gunpowder,  Lrench  chemists  were  looking  for  novel  sources  for 
potassium  nitrate.  In  this  context,  Bernard  Courtois  extracted  the  ashes  of  seaweeds, 
particularly  abundant  on  the  coasts  of  Normandy  and  Brittany,  with  concentrated 
sulfuric  acid  resulting  in  the  formation  of  a  blue-violet  vapor  (Eq.  32.8). 

21  +H2SO4  ^Ij-hSOj^'-tHjO  (32.8) 

Nicolas  Clement  presented  the  findings  on  Courtois’  behalf  to  the  Imperial  Institute 
of  Lrance,  which  led  to  the  original  publication  in  the  Annales  de  Chimie  [40].  This 
publication  already  used  the  name  iode  for  the  new  substance,  “due  to  the  beautiful 
violet  color  of  its  vapor”  (from  the  Greek  iw5t]g,  i.e.,  violet).  Shortly  afterward, 
Joseph  L.  Gay-Lussac  presented  his  results  about  the  compounds  that  this  novel 
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element  formed  with  other  elements  [41,  42].  The  eminent  British  chemist  Sir 
Humphry  Davy  corresponded  with  his  French  peers  and  was  given  free  passage  to 
France  where  he  received  a  sample  of  the  new  substance  from  Andre  M.  Ampere. 
Initially,  Davy  believed  that  it  was  merely  a  compound  of  chlorine  but  came  to  the 
conclusion  that  it  was  an  element  in  its  own  right  [43].  Despite  the  scientific  fame  of 
the  discovery  and  the  rising  commercial  interest  in  iodine,  Courtois  failed  to  capitalize 
on  his  discoveries  and  died  in  poverty  aged  only  62  [44].  Iodine  production  from  sea¬ 
weeds  became  a  major  economic  activity  in  the  coastal  regions  of  Europe,  in  particular 
in  parts  of  Brittany,  Normandy,  Ireland,  and  Scotland,  and  it  features  in  many  historic 
and  travel  accounts  of  these  places  (e.g.,  [45]). 

32.3.2  Iodine  Uptake,  Accumulation,  and  Metabolic  Function 
in  Marine  Algae 

It  is  not  entirely  surprising  that  iodine  as  a  novel  element  was  discovered  in  the  ashes 
of  Laminaria  and  related  brown  algae,  since  they  are  the  strongest  iodine  accumula¬ 
tors  among  all  living  systems  [46,  47].  Even  though  iodine  had  been  discovered  in 
seaweed  ashes,  it  was  not  until  the  late  nineteenth  century  that  algal  iodine  metabo¬ 
lism  received  any  research  interest.  Exemplary  for  this  period  are  the  studies  of 
Eschle  [48],  investigating  the  iodine  content  of  Fucus  vesiculosus  and  Laminaria 
digitata.  Golenkin  reported  as  early  as  1894  the  release  of  free  iodine  by  the  red  alga 
Bonnemaisonia  asparagoides — detected  by  a  blue  stain  of  starch  in  paper  [49]. 
Several  decades  passed  until  this  was  more  widely  accepted  by  the  community,  in 
particular  by  the  studies  of  Sauvageau  [50]  on  red  algae  and  of  Kylin  [51]  and 
Dangeard  [52]  in  the  1920s.  The  latter,  obviously  working  in  competition,  were  the 
first  to  report  the  emission  of  molecular  iodine  (I^)  from  kelp  (L.  digitata)  surfaces, 
termed  “iodovolatilization.”  The  rise  of  nuclear  physics  and  the  availability  of  radio¬ 
isotopes  enabled  studies  of  the  uptake  mechanism  of  iodine  in  brown  algae,  notably 
those  of  Tong  and  Chaikoff  on  the  Pacific  kelp  Nereocystis  luetkeana  [53],  of  Bailey 
and  Kelly  on  Ascophyllum  nodosum  [54],  and  of  Shaw  on  Laminaria  [55,  56]. 

More  recently,  it  became  clear  that  vanadium  haloperoxidases,  an  intact  cell 
wall,  and  low  levels  of  hydrogen  peroxide  are  required  for  sustained  iodine  uptake — 
protoplasts  (i.e.,  algal  cells,  from  which  the  cell  wall  has  been  enzymatically 
removed)  do  not  take  up  iodine  [47].  Only  the  macroscopic  Laminaria  sporophytes 
take  up  significant  levels  of  iodine — the  haploid,  filamentous  gametophytes  do  not. 
The  former  have  high  levels  of  haloperoxidases — the  latter  do  not.  However,  iodine 
uptake  can  be  induced  in  gametophytes  upon  addition  of  exogenous  H^O^  and  halo- 
peroxidase.  Subsequently,  iodoperoxidases  were  purified  from  Laminaria,  a  novel 
subclass  of  the  vanadium  haloperoxidases,  [57,  58]  which  may  explain  the  selec¬ 
tivity  for  iodide  uptake  in  Laminaria  [47].  Iodine  is  accumulated  in  the  apoplast  of 
cortical  Laminaria  tissues  [59].  Laminaria  [46]  and  other  seaweeds  [60]  show  a 
marked  seasonality  of  their  iodine  content,  which  is  typically  higher  during  the 
colder  seasons  and  also  (within  the  same  species)  increased  at  higher  latitudes  [46, 
61].  It  is  tempting  to  hypothesize  that  in  both  cases  this  is  likely  due  to  reduced 
oxidative  stress  under  cooler  conditions  in  winter  or  at  higher  latitudes.  Interestingly, 
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while  the  selectivity  of  the  uptake  mechanism  for  iodide  is  well-established,  a  recent 
study  highlighted  the  capacity  of  Laminaria  to  decrease  iodate  concentrations  in 
surrounding  seawater,  the  metabolic  pathways  and  mechanistic  details  of  which 
remain  unknown  [62] . 

In  the  past,  in  vivo  speciation  studies  of  iodine  in  seaweeds  (e.g.,  [63])  were 
limited  by  the  necessity  for  an  extraction  step  involving  breaking  up  algal  tissues  and 
cells,  thus  potentially  leading  to  extraction  artifacts.  The  development  of  in  situ 
K-edge  X-ray  absorption  spectroscopy  for  both  iodine  and  bromine  changed  that, 
enabling  an  unprecedented  in  vivo  detection  of  both  elements  [9].  Using  this 
approach,  the  biological  significance  of  iodine  accumulation  in  kelps  was  elucidated 
recently.  X-ray  absorption  spectroscopy  showed  that  the  accumulated  form  is  iodide, 
which  is  contained  in  a  largely  organic  (rather  than  hydrated)  environment,  and 
which  serves  as  a  simple  inorganic  antioxidant,  protecting  the  apoplast  (cell  wall 
space)  of  the  cortical  cell  layers  [64],  analogous  to  the  hypothesis  proposed  by 
Venturi  [65]  for  animal  systems.  Upon  oxidative  stress,  such  as  an  oxidative  burst 
[66-69],  it  undergoes  a  transition  to  a  more  hydrated  form.  Concomitantly,  a  strong 
efflux  of  accumulated  iodide  occurs.  This  constitutes  the  description  of  the  first  inor¬ 
ganic  and  of  the  chemically  simplest  antioxidant  known  from  a  living  system  [64]. 
Indeed,  the  reaction  of  iodide  with  the  major  reactive  oxygen  species  is  both  thermo¬ 
dynamically  and  kinetically  favorable.  With  the  involvement  of  vanadium  haloper- 
oxidase  and  in  the  absence  of  organic  cosubstrates,  iodide  effectively  degrades 
(halide-assisted  disproportionation  of  hydrogen  peroxide).  A  more  recent  study  [70] 
underlined  the  uniqueness  and  importance  of  the  iodide  antioxidant  system  for 
Laminaria,  while  at  the  same  time  pointing  out  that  the  function  of  bromide  is  likely 
to  be  complementary  to  the  iodide  antioxidant  system  for  detoxifying  superoxide. 
This  work  also  coined  the  term  iodide  switch  for  describing  the  preferential 
accumulation  and  targeted  release  of  iodide  upon  oxidative  stress,  in  comparison  to 
bromide.  While  most  of  the  iodine  present  in  brown  seaweeds  is  in  the  form  of  iodide, 
minor  amounts  are  bound  to  organic  molecules — in  particular  proteins  as  highlighted 
by  a  study  on  Sargassum  [71]. 

Iodine  accumulation  in  seaweeds — in  particular  in  kelp  species — has  environ¬ 
mental  significance,  in  particular  also  when  it  comes  to  iodine  radioisotopes. 
Seaweeds  have  been  found  to  accumulate  originating  either  from  nuclear  weapons 
tests  or  from  nuclear  fuel  reprocessing  [72],  and  a  time  series  study  using  seaweeds 
traced  from  the  nuclear  fuel  reprocessing  plants  at  La  Hague  and  Sellafield  along 
European  and  Arctic  coasts  [73].  A  comprehensive  review  on  speciation  in 
biological  samples  including  algae  was  published  recently  [74].  Most  recently, 
Macrocystis  pyrifera  off  the  California  coast  contained  detectable  levels  of  from 
the  Fukushima  disaster  in  Japan  in  2011  [75]  and  a  green  microalga,  Parachlorella 
sp.  binos,  isolated  near  the  Fukushima  disaster  site,  was  found  to  be  a  strong  accumu¬ 
lator  of  radioactive  iodine,  strontium,  and  cesium,  highlighting  its  potential  for 
nuclear  bioremediation  [76]. 

Nevertheless,  major  open  questions  remain  regarding  the  accumulation  of  iodide 
in  kelp.  So  far,  it  is  not  clear  how  iodide  is  fixed  in  the  apoplast,  nor  how  its  mobili¬ 
zation  from  this  storage  occurs  during  oxidative  stress — both  aspects  arguably  have 
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some  bioengineering  potential.  The  recent  completion  of  the  first  brown  algal  genome 
[77]  should  help  to  provide  new  insights  in  this  regard.  However,  the  efflux  of  iodide 
during  oxidative  stress  may  be  rather  widespread  in  seaweeds:  Besides  Laminaria, 
this  mechanism  has  been  observed  in  both  brown  and  red  algae  [62,  78].  It  should 
also  be  highlighted  that  the  biosynthetic  pathways  of  iodinated  halocarbons  in  marine 
algae  [79]  remain  largely  unknown  to  this  date. 

In  comparison  to  seaweeds  (macroalgae),  much  less  is  known  about  iodine  metab¬ 
olism  in  microalgae.  Many  microalgae  exhibit  high  iodine  tolerance  and/or  positive 
growth  responses — and  the  haptophyte  Emiliania  huxleyi  shows  an  approximately 
10-fold  accumulation  of  iodine  compared  to  seawater  [80].  Consistent  with  this  and 
similar  to  Laminaria,  a  recent  study  on  the  haptophyte  Isochrysis  [81]  found  that 
iodide  uptake  requires  peroxidase-mediated  oxidation.  Cold  water  diatom  cultures 
were  observed  to  reduce  iodate  to  iodide,  potentially  providing  a  biotic  explanation 
for  the  iodide  maximum  observed  in  surface  ocean  waters  [82].  Indeed  and  consis¬ 
tent  with  this,  off  the  western  Antarctic  peninsula,  iodide  concentrations  increase  and 
iodate  concentrations  decrease  during  the  summer  phytoplankton  maximum  [83]. 
However,  iodate  reduction  may  not  be  a  uniform  activity  for  all  phytoplankton. 
Iodate  reduction  by  Isochrysis  galbana  is  relatively  insensitive  to  deactivation  of 
nitrate  reductase  activity  [84],  and  phytoplankton  blooms  in  mesocosm  experiments 
in  Antarctica  resulted  in  the  observation  of  fairly  constant  iodate  and  total  iodine  con¬ 
centrations  [85].  The  latter  two  studies  raise  the  question  whether  phytoplankton  are 
really  responsible  (or  the  only  players)  for  iodate  reduction  in  seawater. 

32.3.3  Atmospheric  Impact 

The  first  findings  hinting  at  an  atmospheric  impact  of  molecular  iodine  emissions 
from  seaweeds  go  back  to  Golenkin  [49]  in  the  late  nineteenth  century,  and  then 
especially  Sauvageau  [50],  Kylin  [51],  and  Dangeard  [52]  (see  earlier).  Another 
roughly  half  century  passed  until  kelps  were  recognized  as  major  emitters  of  iodocar- 
bons  [86].  This  pioneering  work  triggered  substantial  research  on  algae  as  iodo-  and 
halocarbon  emitters  in  general  (see  Chapter  31).  In  the  late  1990s,  large-scale 
scientific  field  campaigns  in  western  Ireland,  a  region  with  a  large  abundance  of  kelp, 
reported  production  rates  of  halocarbons  [79]  and  discovered  high  levels  of  iodine 
oxides  above  kelp  beds  [87].  Shortly  afterward,  kelp  iodine  emissions  were  recog¬ 
nized  as  the  cause  for  aerosol  formation  in  the  marine  boundary  layer  [88],  even 
though  this  work  assumed  that  the  biogenic  precursor  of  these  was  chiefly  diiodo- 
methane  (CH^I^),  overlooking  the  much  higher  emissions  of  molecular  iodine. 
Indeed,  the  millimolar  iodide  levels  on  the  Laminaria  surface  exposed  at  low  tide 
effectively  scavenge  atmospheric  ozone,  leading  to  the  release  of  I^  at  rates  up  to 
about  five  orders  of  magnitude  higher  than  the  combined  iodocarbon  emissions. 
These  studies  [64,  89]  unambiguously  clarify  the  biochemical  origin  of  particle¬ 
forming  iodine  oxides:  Molecular  iodine  is  photolyzed  and  further  oxidized  by  ozone 
in  the  marine  boundary  layer,  producing  hygroscopic  iodine  oxides.  The  latter  form 
ultrafme  particles,  leading  to  aerosol  formation — establishing  a  unique  link  between 
a  biological  antioxidant  and  climatic  processes.  Since  then,  the  atmospheric  processes 
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investigating  the  link  between  molecular  iodine,  iodine  oxides,  and  aerosol  formation 
have  been  studied  in  considerable  detail  [90].  Also,  other  recent  studies  have  investi¬ 
gated  the  release  of  more  closely  in  L.  digitata  [91-95],  but  also  in  A.  nodosum  and 
several  other  brown  and  red  algal  species  [95-97].  Such  investigations  were  much 
facilitated  by  the  development  of  novel  techniques  [[98]  for  review],  such  as  vacuum 
UV  resonance  fluorescence  for  the  detection  of  [96],  a  coupled  diffusion  denuder 
system  combined  with  gas  chromatography/mass  spectrometry  for  the  separation 
and  quantification  of  molecular  iodine  and  the  activated  iodine  compounds  iodine 
monochloride  and  hypoiodous  acid  [99,  100],  and  time-of-flight  aerosol  mass  spec¬ 
trometry  [101].  The  latter  enabled  in  situ  measurements  of  molecular  iodine  in  the 
marine  boundary  layer,  which  established  the  link  to  macroalgae  and  the  implica¬ 
tions  for  Oj,  10,  OIO,  and  [102],  and  subsequent  particle  formation  [102]  more 
clearly.  Molecular  iodine  emission  from  Laminaria  occurs  in  a  remarkable,  oscilla¬ 
tory  time  dependence  of  short,  strong  bursts  with  a  complex  time  signature  [9 1  ] .  In  a 
comparison  of  seven  seaweed  species,  the  kelps  Laminaria  digitata  and  L.  hyper- 
borea  were  the  most  potent  emitters  of  which  was  also  observed — albeit  at  lower 
rates — from  Saccharina  latissima  and  A.  nodosum,  but  not  from  Fucus  species  [95]. 
A  more  recent  study  [103],  however,  showed  that  mixing  ratios  above  A.  nodosum 
and  F.  vesiculosus  beds  increase  with  exposure  time — after  6h  exposure  to  ambient 
air  the  mixing  ratios  were  one  order  of  magnitude  higher  than  those  initially  present, 
in  strong  contrast  with  the  emission  characteristics  of  L.  digitata,  where  most  was 
emitted  within  the  first  half  hour  of  exposure. 

After  exposure  to  air,  intense  emission  is  detectable  from  all  thallus  parts  in 
L.  digitata,  but  declines  continuously  over  the  next  180  min  and  is  not  affected  by  the 
light  regime  [94] .  Molecular  iodine  release  was  investigated  in  a  close  simulation  of 
tidal  exposure  in  chamber  experiments  using  a  novel  detection  technique,  incoherent 
broadband  cavity-enhanced  absorption  spectroscopy  (IBBCEAS),  which  showed 
that  Ij  emission  (at  highly  variable  rates)  occurs  in  four  distinct  stages:  (1)  moderate 
emissions  from  partially  submerged  samples;  (2)  a  strong  release  by  fully  emerged 
samples;  (3)  slowing  or  stopping  of  release;  and  (4)  later  pulses  of  evident  in 
some  samples  [92].  In  similar  chamber  experiments,  the  link  to  particle  formation 
was  investigated  more  closely,  confirming  a  linear  relationship  between  particle 
concentration  and  emission  and  also  that  particle  production  from  is  more  than  a 
factor  of  10  higher  than  that  produced  from  CH^I^  for  the  same  mixing  ratios  [93]. 

A  recent  study  in  Ireland  [104]  supports  the  hypothesis  that  human  iodine  intake 
in  coastal  regions  is  indeed  dependent  on  seaweed  abundance  rather  than  proximity 
to  the  sea,  underlining  the  critical  importance  of  the  molecular  iodine  release  from 
algae  for  atmospheric  processes  and  human  health. 

There  is  an  interesting  link  between  the  type  of  halocarbons  that  are  emitted  and 
the  physiological  state  of  Laminaria:  In  the  unstressed  steady  state,  brominated  com¬ 
pounds  are  predominantly  released,  whereas  after  induction  of  an  oxidative  burst,  an 
endogenous  defense  reaction  by  oligoguluronates  (an  oligomeric  degradation  prod¬ 
uct  of  the  major  brown  algal  cell  wall  carbohydrate,  alginate),  there  is  a  marked  shift 
to  iodinated  compounds — in  particular,  compounds  with  multiple  iodinations  [70, 
89].  This  is  likely  due  to  the  mobilization  of  iodide  from  its  store  due  to  the  up  to 
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millimolar  levels  of  hydrogen  peroxide  occurring  during  the  oxidative  burst.  Since 
iodide  is  the  preferred  substrate  of  vanadium  haloperoxidases,  this  altered 
physiological  situation  will  result  in  an  increased  incorporation  of  iodine  in  carbon 
skeletons  e.g.  due  to  the  haloform  reaction  and,  thus,  an  increased  emission  of  halo- 
carbons  with  several  iodine  atoms. 

As  for  iodine  metabolism  in  general,  much  less  is  known  about  the  atmospheric 
impact  of  iodine  emissions  from  microalgae  compared  to  macroalgae.  It  was  recently 
suggested  that  Antarctic  ice  algae  accumulate  I",  followed  by  release  and  particle 
formation  [105];  however  the  same  study  highlighted  significant,  remaining  gaps  in 
understanding  and  highlighted  the  possibility  of  an  unidentified  iodine  source.  The 
very  widespread  marine  cyanobacterium  Prochlorococcus  marinus  is  an  important 
iodomethane  producer,  while  another  cyanobacterium,  Synechococcus,  is  not  [106]. 
Among  members  of  three  important  microalgal  lineages,  the  prymnesiophyte 
Emiliania  huxleyi,  the  prasinophyte  Tetraselmis  sp.,  and  the  diatom  Thalassiosira 
pseudonana,  no  increase  in  iodocarbon  emission  upon  light  stress  was  observed 
[107].  However,  biogenic  marine  aggregates — including  diatom  mucilage  and  phyto¬ 
detritus — were  found  to  be  hotspots  of  iodocarbon  production  [108]. 

32.3.4  Iodine  Transformations  by  Microbes 

While  algae  have  received  most  of  the  research  interest  by  biochemists  outside  iodine 
accumulation  in  the  thyroid,  much  of  the  role  of  microbes  in  global  iodine  cycling 
remains  rather  underexplored.  The  microbial  contribution  to  the  global  iodine  cycle 
was  reviewed  in  2008  [109].  Iodide  oxidation  linked  to  the  formation  of  free  iodine 
was  first  observed  by  a  marine  bacterium.  Pseudomonas  iodooxidans,  in  a  marine 
aquarium  where  the  process  was  blamed  for  fish  fatalities  [110].  Iodide-oxidizing 
bacteria  occur  in  low  abundance  in  seawater  (from  which  they  can  be  enriched  by 
adding  higher  iodide  concentrations)  and  in  much  higher  abundance  in  iodide-rich 
brines  accompanying  natural  gas  deposits  [111].  In  particular,  the  latter  include 
a-Proteobacteria  that  can  oxidize  1“  to  I^,  which  are  stimulated  in  their  growth  by 
both  1“  and  I^  and  which  may  have  a  competitive  advantage  over  other  microbes  by 
suppressing  the  latter  using  I^  [112].  Iodide  oxidation  in  such  a-Proteobacteria  is 
mediated  by  a  novel  multicopper  oxidase  [8].  Most  recently,  it  was  found  that  laccase 
also  oxidizes  iodide  to  molecular  iodine  or  hypoiodous  acid,  both  of  which  are  easily 
incorporated  into  natural  soil  organic  matter  [113].  Bacterial  nitrate  reductase  activity 
has  been  implicated  in  the  reduction  of  iodate  in  seawater  [114]  and  a  marine 
Pseudomonas  sp.  was  found  to  be  capable  of  dissimilatory  iodate  reduction  under 
anaerobic  growth  conditions  [115].  More  recently,  an  iodate-reducing,  anaerobic 
Pseudomonas  sp.  was  isolated  from  marine  sediments  [115].  However,  anaerobic 
microorganisms,  in  contrast  to  aerobic  microorganisms,  neither  enhance  nor  repress 
the  mobility  of  iodine  [1 16].  A  wide  range  of  bacteria  in  terrestrial  and  marine  envi¬ 
ronments  are  capable  of  methylating  iodide  [117,  118],  and  microbes  have  been 
implicated  in  iodine  sorption  in  soils  [119].  Iodine-accumulating  bacteria  were  iso¬ 
lated  from  marine  sediments  with  the  uptake  mechanism  reminiscent  of  that  described 
from  brown  algae  [120,  121]. 
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32.3.5  lodinated  Natural  Products 

Not  much  is  known  about  organic  iodine  metabolites  and  natural  products  other  than 
the  thyroid  hormones.  A  recent  review  [122]  mentions  just  over  1 10  iodine-contain¬ 
ing  natural  products  known  to  science,  most  of  which  originate  from  marine  organ¬ 
isms.  This  low  number  of  iodinated  natural  products  is  likely  due  to  the  low  stability 
of  the  carbon-iodine  bond  (especially  in  comparison  to  C-Br  and  C-Cl,  respec¬ 
tively),  but  probably  also  to  some  extent  due  to  the  still  rather  low  research  effort 
focusing  on  groups  of  organisms  that  are  likely  to  harbor  such  compounds. 

32.3.6  Iodine  and  Proteins 

Studies  on  the  iodination  of  proteins  date  way  back  to  the  nineteenth  century  [123], 
as  the  result  of  the  widely  held  belief  that  it  would  be  possible  to  imitate  the  activity 
of  the  naturally  occurring  protein  thyroglobulin  by  introducing  iodine  into  other  pro¬ 
teins.  Iodination  of  proteins  has  been  investigated  for  several  reasons:  (i)  to  obtain 
thyroactive  iodinated  proteins  and  to  study  their  mode  of  action,  (ii)  to  determine 
active  sites  in  enzymes  and  hormones,  (iii)  to  alter  proteins  by  introducing  heavy 
atoms  in  known  positions  for  crystallographic  studies  on  the  structure  of  proteins, 
(iv)  to  determine  side  chains  (Cys,  Met,  Ser,  Tyr,  Trp)  involved  in  interactions  with 
other  reagents  and  responsible  for  characteristic  titration  phenomena,  and  finally  (v) 
to  modify  the  antigenicity  of  proteins  [124].  Iodine,  in  the  presence  of  iodide  at  pH 
3-5,  can  act  as  a  reasonable  oxidant  for  sulfhydryl  groups  (R-SH,  R  =  cysteinyl)  to 
form  a  disulfide  bond  (Eq.  32.9). 

2R-SH-HI2  R-SS-R-H2HI  (32.9) 

The  disulfide  moiety  can  be  oxidatively  cleaved  by  iodine  to  cysteic  acid,  RSO^H 
(Eq.  32.10). 


R  -  SS  -  R  -H  2I2  -H  3H2O  2R  -  SO3H  -H  4HI  (32. 10) 

Early  on,  halide  anions  including  iodide  were  used  as  valuable  spectroscopic  probes 
and  perturbing  agents  for  mononuclear  type  2  and  dinuclear  type  3  copper  sites  in 
proteins  and  enzymes,  such  as  Cu,  Zn  superoxide  dismutase  (type  2  Cu),  tyrosinase, 
and  hemocyanin  (type  3  Cu)  [125-130].  A  recent  prominent  example  is  the  tetranu- 
clear  copper  center  (CuZ)  of  bacterial  nitrous  oxide  reductase  (N^OR),  which  reduces 
the  greenhouse  gas  nitrous  oxide  (N^O)  to  dinitrogen  and  water  as  final  step  of  bac¬ 
terial  denitrification,  an  important  branch  of  the  biogeochemical  nitrogen  cycle  (Eq. 
32.11)  [131]. 


Np  +  2U^+2e~  Nj-hHjO  (32.11) 

CuZ  turned  out  to  be  the  first  reported  biological  example  of  an  inorganic  sulfide 
ion  as  part  of  a  novel  copper  cluster.  In  the  first  crystal  structures  published,  the  CuZ 
site  consisted  of  four  copper  ions  arranged  in  a  p^-sulfido  bridged  copper  cluster 
solely  coordinated  by  histidine  residues  (Eig.  32.2). 
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FIGURE  32.2  Left:  Structure  of  CuZ  in  N^OR.  When  prepared  under  the  strict  exclusion  of 
dioxygen,  the  so-called  purple  form  of  N^OR  will  be  obtained,  with  X  being  sulfide  (S^") 
versus  X  being  OH’/H^O  when  prepared  under  oxic  conditions  [132].  Right:  Spectrophotometric 
titration  of  N^OR  from  Pseudomonas  stutzeri  with  inhibitor  KI  under  anoxic  conditions  (A) 
enzyme  18pM,  in  phosphate  buffer,  pH  7.0;  (B)  plus  one  equivalent  KI/6  h  reaction  time  (C)  2 
equivalents.  Kl/lOh  (D)  three  equivalents  KI/16h  (E)«200  equivalents  KI/36h  [133]. 


There  was  strong  evidence  from  spectroscopic  experiments  (UV/Vis,  EPR)  that 
NjOR  formed  stable  adducts  with  Br"  and  1“  [134].  N^OR,  in  contrast  to  type  2  copper 
proteins,  did  not  react  with  a  large  excess  of  F“;  however,  Cl“,  Br“  and  I"  had  increas¬ 
ingly  strong  effects  on  the  UVA^is  and  EPR  spectra  of  purple  N^OR  from  P.  stutzeri 
as  illustrated  for  the  reaction  with  iodide  [133].  Dialysis  against  the  strong  oxidant 
[Fe(cp)2]PFg  did  not  remove  the  band  with  the  absorption  maximum  centered  at 
632 nm  (Fig.  32.2).  Upon  exposure  of  N^OR  from  Achromobacter  cycloclastes  to 
sodium  iodide  this  blue  species  could  be  crystallized.  Structure  determination  of  this 
adduct  revealed  that  the  inhibitor  iodide  was  bound  at  the  CuZ  site  bridging  two  Cu 
ions  of  the  catalytic  cluster  providing  evidence  for  this  being  the  catalytic  edge  in 
nitrous  oxide  reductase  (ligand  X)  (Figs.  32.2  and  32.3)  [135]. 


32.4  VANADIUM  HALOPEROXIDASES 
32.4.1  Vanadium  in  Biological  Systems 

The  biological  function  of  vanadium  is  well-established  and  its  biological  chem¬ 
istry  has  gained  considerable  interest  [136-143]. Vanadium  is  the  second  most 
abundant  transition  metal  in  seawater  (~35  nM)  [144]  and  universally  distributed  in 
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FIGURE  32.3  Structures  of  the  CuZ-iodide  adduct  (N^OR  Achromobacter  cycloclastes\ 
PDB  code  2IWK)  and  the  native  CuZ  site  (N^OR  Pseudomonas  stutzeri;  PDB  code  3SBR). 
The  addition  of  the  soft  ligand  iodide  yielded  a  bridging  conformation  that  closely  mimics  the 
binding  of  S^"  in  the  purple  N^OR  from  P.  stutzeri.  Iodide  in  purple,  sulhde  in  yellow.  Adapted 
from  Ref.  [135]  ©  Elsevier.  {See  insert  for  color  representation  of  the  figure.) 

the  soil  [145].  Extraterrestrial  vanadium  compounds  were  shown  to  contain  the 
metal  in  low  oxidation  states  (V(II)  and  V(III)),  reflecting  anoxic  environments 
during  genesis.  Pyroxenes  were  found  in  meteorites,  which  are  typical  V(II)  con¬ 
taining  minerals.  The  atmospheres  of  hot  Jupiter-type  exoplanets,  as  well  as  the 
atmospheres  of  early  M-type  stars,  contain  vanadium(II)oxide,  which  is  also  likely 
a  constituent  in  interstellar  clouds.  The  relevance  of  these  findings  for  the  genera¬ 
tion  of  complex  organic  molecules  out  of  simple  ones  under  primordial  conditions 
has  been  discussed  recently  in  light  of  the  catalytic  potential  of  vanadium  nitrides 
and  vanadium  oxides  [141].  Furthermore,  it  has  been  known  for  a  long  time  that 
ascidians  accumulate  high  levels  of  vanadium  in  their  blood  cells.  Recently, 
vanadium(IV)  binding  proteins  (vanabins),  from  the  vanadium-rich  ascidian 
Ascidia  sydneiensis  samea  have  been  characterized.  The  deduced  amino  acid 
sequences  of  the  vanabins  were  highly  conserved.  Most  strikingly,  the  sequences 
were  rich  in  cysteine  residues  and  the  intervals  between  the  cysteines  were  highly 
regular.  Note  that  metallothioneins,  which  bind  metal  ions  such  as  Zn,  Cu,  or  Cd, 
are  also  rich  in  cysteines;  however,  the  repetitive  pattern  of  cysteine  residues  dif¬ 
fers  between  metallothioneins  and  vanabins.  Binding  of  vanadium(IV)  to  these 
vanabins  was  inhibited  by  the  addition  of  copper(II)  ions.  The  first  structure  of  a 
vanabin  protein  was  solved  by  NMR  spectroscopy,  which  revealed  a  novel  bow¬ 
shaped  conformation,  with  four  R-helices  connected  by  nine  disulfide  bonds. 
Furthermore,  it  appeared  that  vanadyl  cations  (VO^^)  were  coordinated  by  nitrogen 
atoms  derived  from  lysine,  arginine,  or  histidine,  as  suggested  by  the  EPR  results. 
Recently,  vanabin2  was  shown  to  act  as  a  specific  vanadium(V)  reductase.  This 
specificity  may  account  for  the  specificity  of  vanadium  accumulation  in  ascidians 
[146-151].  Amavadin  is  a  vanadium(IV)  complex  that  occurs,  at  least,  in  the 
fungus  Amanita  muscaria.  Its  biological  role  has  not  yet  been  elucidated;  however, 
its  characterization  and  reactivity  have  disclosed  catalase-  and  peroxidase-type 
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activity,  the  latter  toward  thiols  (including  biological  ones)  and  hydrocarbons 
[136].  Vanadium  constitutes  an  inherent  part  of  important  enzymatic  active  sites; 
the  most  prominent  examples  are  V-HPO  and  vanadium  nitrogenase  [152].  For 
both  types  of  V-dependent  enzymes  there  exist  functional  analogues  in  nature  that 
are  either  more  widely  spread  or  more  efficient,  for  example,  the  heme-dependent 
haloperoxidases  and  the  conventional  Mo-dependent  nitrogenases,  respectively. 
One  might  ask  how  these  enzyme  systems  evolved,  and  in  particular,  whether  the 
vanadium-containing  enzymes  known  today  are  retained  functional  analogues  that 
withstood  evolutionary  forces.  The  widespread  physiological  effects  of  vanadium 
are  mainly  attributed  to  the  similarity  of  the  vanadate  (V)  ions  (VO^^“)  and  phos¬ 
phate  ions  (PO^^“).  Note  that,  depending  on  pH,  there  also  exist  important  differ¬ 
ences  between  these  two  anions  with  regard  to  charge,  redox,  and  coordination 
properties  [152,  153].  With  one  electron  (3d*  electron  configuration)  the  V(IV), 
S  =  l/2  state  can  be  easily  accessed  by  EPR  spectroscopy  [154].  Because  of  the 
strong  coupling  to  the  nucleus  (nuclear  spin  1  =  7/2),  a  characteristic  splitting  of 
the  EPR  signal  into  eight  lines  can  be  observed  [149,  155].  Most  recently,  the 
application  of  solid-state  NMR  spectroscopy  was  introduced  as  a  direct  and 
sensitive  reporter  of  the  vanadium  site  in  V-CPO.  ^'V  is  a  half-integer  quadrupolar 
nucleus  with  high  natural  abundance  (99.8%)  and  relatively  high  gyromagnetic 
ratio  (Larmor  frequency  of  157.6  MHz  at  14.1  T).  The  dominant  anisotropic  quad¬ 
rupolar  and  chemical  shielding  interactions  are  directly  observed  in  the  solid-state 
NMR  spectra  and  bear  a  wealth  of  information  about  the  geometric  and  electronic 
structure  of  the  vanadium  site  [156]. 

32.4.2  Discovery  and  General  Properties  of  V-HPO 

V-HPO  are  enzymes  isolated  primarily  from  marine  algae,  although  they  have  also 
been  purified  from  other  organisms  [139,  140,  157].  These  enzymes  catalyze  the 
two-electron  oxidation  of  halide  ions  (X“)  to  the  corresponding  HOX.  HOX  can 
further  react  with  a  broad  range  of  acceptors  to  form  a  diversity  of  halogenated 
compounds  (Eqs.  32.12  and  32.13)  [158].  When  a  nucleophilic  acceptor  is  absent, 
a  reaction  may  also  occur  between  HOX  and  H^Oj  producing  singlet  oxygen,  *0^ 
(Eq.  32.14). 


X  -hH^+H^Oj  ^H^O  +  HOX  (32.12) 

HOX  +  R-H^R-X  +  HjO  (32.13) 

HOX  +  H2O2  V  O2  +  H^O  +  HX  (32. 14) 

Historically,  the  haloperoxidases  are  named  after  the  most  electronegative  halide 
they  can  oxidize.  V-dependent  chloroperoxidases  (V-CPO)  catalyze  the  oxidation  of 
Cl”,  Br”  and  I”,  vanadium  bromoperoxidase  (V-BPO)  catalyzes  only  the  oxidation  of 
Br”  and  I”,  and  vanadium  iodoperoxidases  (V-IPO)  are  specific  for  iodide  [139]. 
Notably,  V-CPO  had  a  much  higher  rate  in  the  oxidation  of  bromide  (k^^^~250s~^) 
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than  in  the  oxidation  of  chloride  [159].  The  hrown  seaweeds  of  the  genus 

Laminaria  are  known  as  the  most  efficient  iodine  accumulators  among  all  living 
species  (Section  32.3.2).  The  V-IPOs  found  in  these  seaweed  species  play  a  major 
role  in  the  production  of  Ij  and  R-I  compounds  and  in  the  accumulation  of  I”. 
Recently,  two  different  haloperoxidases,  one  specific  for  the  oxidation  of  1“  iodide 
and  the  second  that  can  oxidize  both  1“  and  Br“,  were  obtained  from  the  brown  alga 
L.  digitata.  The  iodoperoxidase  activity  was  significantly  more  efficient  than  the 
bromoperoxidase  fraction  in  the  oxidation  of  iodide.  The  two  enzymes  differed 
markedly  in  their  molecular  masses,  trypsin  digestion  profiles,  and  immunological 
characteristics  [7,  57,  58]. 

32.4.3  Three-Dimensional  Structures  of  V-HPO 

The  first  crystallized  and  one  of  the  best-characterized  V-HPO,  thanks  to  the  pio¬ 
neering  work  of  Dutch  researcher  Ron  Wever,  is  the  fungal  V-CPO  purified  from 
Curvularia  inaequalis  [159,  160]  (Fig.  32.4).  Its  X-ray  structure  (2.1  A;  PDB  code 
IIDQ),  in  complex  with  azide  (Nj”),  reveals  that  the  small  ligand  coordinates 
directly  to  the  vanadium  center.  In  addition,  three  nonprotein  oxygen  ligands  and 
one  histidine  nitrogen  are  bound.  In  the  native  state,  vanadium  is  bound  as  hydrogen 
vanadate(V)  in  a  trigonal  bipyramidal  geometry,  with  the  metal  coordinated  to  three 


FIGURE  32.4  Active  sites  of  V-CPO  from  C.  inaequalis  (black)  and  V-BPO  from  A.  nodo¬ 
sum  (white)  have  been  superimposed  to  demonstrate  the  similar  geometries.  Active  site  residue 
labels  correspond  to  V-CPO  (top)  and  V-BPO  (bottom).  The  vanadate  geometry  consists  of  an 
axial  hydroxo  group  trans  to  His-496/His-486  and  three  equatorial  oxo  ligands  (green/red). 
Below  pH  8.0,  protonation  of  one  of  the  oxo  groups  may  occur  (PDB  codes  IIDQ  and  1QI9). 
Adapted  from  Ref.  [156]  ©  American  Chemical  Society. 
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oxygens  in  the  equatorial  plane,  and  HO”  (from  water)  and  one  histidine  nitrogen 
(Ne2)  at  the  apical  positions.  The  linkage  between  the  metal  and  the  histidine 
nitrogen  was  first  assigned  as  a  direct  coordinating  bond  and  later  as  a  covalent 
bond.  The  hydrogen  vanadate  (HOVOj^”)  is  stabilized  into  a  hydrogen  bonding  net¬ 
work,  involving  six  highly  conserved  key  residues,  one  apical  histidine,  two  argi¬ 
nines,  a  lysine,  a  glycine,  and  a  serine  (Fig.  32.5).  Kinetic  and  structural  studies  of 
single-site  variants  of  V-CPO  from  C.  inaequalis  document  the  importance  of  these 
residues  in  binding  vanadate,  but  also  the  rigidity  of  the  active  site,  resulting  from  a 
large  number  of  hydrogen  bonding  interactions.  Notably,  the  only  V-HPO  present¬ 
ing  a  substitution  among  these  six  residues  (the  serine  is  replaced  by  an  alanine)  is 
the  V-IPO  from  L.  digitata,  although  its  three-dimensional  structure  has  not  been 
solved  yet  [57].  The  homodimeric  V-BPO  from  the  brown  alga  A.  nodosum  (2.0 A; 


(a) 


o 


Arg360 


(b) 


FIGURE  32.5  (a)  Network  of  hydrogen  bonds  at  the  active  site  of  native  V-CPO  from 

C.  inaequalis',  hydrogen  bonds  are  drawn  as  dashed  lines,  (b)  Proposed  catalytic  scheme 
of  V-CPO.  Adapted  from  Ref.  [161]. 
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PDB  code  1QI9)  has  a  nearly  all-helical  structure,  with  two  four-helix  bundles  and 
only  three  small  p-sheets.  The  holoenzyme  contains  trigonal  bipyramidally  coordi¬ 
nated  vanadium  atoms  at  its  two  active  centers  [162].  Despite  the  low  sequence  and 
overall  structural  similarity  between  V-BPO  (A.  nodosum)  and  V-CPO  (C.  inaequa- 
lis),  the  vanadium  active  sites  are  highly  conserved  on  the  N-terminal  side  of  an 
a-helix  and  include  the  catalytic  histidine  residue  (His418''‘®’’°/His404''‘™).  The 
V-BPO  structure  contains,  in  addition,  a  second  histidine  near  the  active  site 
(His411''‘®’’°),  which  might  influence  the  redox  potential  of  the  catalytically  active 
VOj-Oj  species  by  protonation/deprotonation  reactions  (Fig.  32.4).  The  amino 
acids  lining  the  first  and  the  second  hydrogen  bonding  spheres  for  the  vanadium 
active  site  are  highly  conserved  with  one  exception:  a  Phe  residue  in  chloroperoxi- 
dases  is  invariably  substituted  by  a  His  residue  in  bromoperoxidases.  The  structure 
of  a  V-BPO  from  the  red  algae  Corallina  officinalis  (2.3A,  PDB  code  IQHB) 
showed  a  dodecameric  architecture,  with  each  subunit  made  up  of  595  amino  acid 
residues  [163].  A  cavity  is  formed  by  the  N  terminus  of  each  subunit  in  the  center  of 
the  dodecamer.  Otherwise,  the  subunit  fold  and  dimer  organization  of  the  enzyme 
were  similar  to  those  of  the  V-BPO  dimer  from  the  brown  algae  A.  nodosum,  with 
which  it  shares  33%  sequence  identity.  The  different  oligomeric  states  of  the  two 
algal  enzymes  reflect  separate  mechanisms  of  adaptation  to  harsh  environmental 
conditions  and/or  to  chemically  active  substrates  and  products.  The  residues 
involved  in  vanadate  binding  were  conserved  between  the  two  bromoperoxidases 
and  the  V-CPO  from  C.  inaequalis  (Fig.  32.4).  However,  most  of  the  other  residues 
forming  the  active  site  cavity  are  different  in  the  three  enzymes,  which  reflects  dif¬ 
ferences  in  the  substrate  specificity  and  stereoselectivity  of  the  reaction.  Studies 
with  a  series  of  V-CPO  variants  suggest  that  the  electrostatic  potential  distribution 
changes  are  detrimental  to  the  chlorinating  activity,  yet  their  crystal  structures  reveal 
intact  or  nearly  intact  conformation  of  the  active  site.  Thus,  a  delicate  balance  of 
multiple  interactions  between  the  active  site  residues  has  been  proposed  to  be 
responsible  for  the  activity  of  the  V-CPOs  [156].  The  V-BPO  from  the  macroalga 
Corallina  pilulifera  was  reported  to  have  a  significant  thermostability  and  stability 
toward  organic  solvents.  The  structural  analysis  of  the  recombinant  enzyme  (2.2A, 
PDB  code  1UP8)  revealed  the  presence  of  one  Ca^^  ion  per  subunit,  which  signifi¬ 
cantly  increased  the  enzyme  stability.  The  remarkably  high  stability  of  the  enzyme 
in  the  presence  of  organic  solvents  makes  this  V-BPO  a  useful  biocatalyst  [164]. 

An  interesting  observation  resulted  from  a  trapped  phosphate  intermediate  in  the 
crystal  structure  (1.5  A,  PDB  code  3BB0)  of  vanadium-free  apochloroperoxidase 
from  C.  inaequalis  which  catalyzes  a  dephosphorylation  reaction  [165].  Since  the 
chloroperoxidase  is  functionally  and  evolutionary  related  to  several  acid  phospha¬ 
tases  including  human  glucose-6-phosphatase  and  a  group  of  membrane-bound 
lipid  phosphatases,  the  structure  may  help  to  understand  the  mechanism  of  action  of 
these  enzymes  as  well.  The  trapped  intermediate  is  bound  to  the  active  site  as  meta¬ 
phosphate,  POj",  with  its  phosphorus  atom  covalently  attached  to  the  nitrogen  atom 
of  His496.  An  apical  water  molecule  is  within  hydrogen  bonding  distance  to  the 
phosphorus  atom,  and  it  is  in  a  perfect  position  for  a  nucleophilic  attack  on  the 
metaphosphate-histidine  intermediate  to  form  the  inorganic  phosphate. 
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32.4.4  Catalytic  Cycle  of  V-HPO 

Vanadium  haloperoxidases  catalyze  the  oxidation  of  halide  anions,  Cl",  Br"  and  I", 
by  hydrogen  peroxide  (Eq.  32.12).  Earlier,  Pecoraro  and  coworkers  suggested  that 
the  V-HPOs  may  actually  be  peroxidases  and  that  the  well-known  halogenation 
reactions  may  simply  reflect  the  abundance  of  chloride  in  the  marine  environment 
[166].  The  potentials  for  the  oxidation  off",  Br",  and  Cl"  span  a  range  of  0.53-1. 36V 
(versus  NHE),  and  the  potentials  for  the  oxidation  of  the  pseudohalide  anions,  such 
as  CN",  OCN",  or  SCN",  fall  within  or  below  this  range,  suggesting  that  the  vanadium 
haloperoxidases  may  also  catalyze  the  transformation  of  these  compounds.  Indeed, 
cyanide  (£'°  =  h-0.375V)  acts  as  an  inhibitor  of  V-bromoperoxidase  isolated  from  the 
marine  alga  A.  nodosum  through  preferential  oxidation  of  CN".  Similarly,  thiocya¬ 
nate  (£°  =  h-0.77V)  was  reported  to  inhibit  bromide  peroxidation  through  preferen¬ 
tial  oxidation  of  thiocyanate  over  bromide.  '^C  NMR  studies  of  the  oxidation  of 
KC'^CN  by  HjOj  catalyzed  by  V-BPO  showed  the  formation  of  several  oxidized 
thiocyanate  species,  including  the  putative  (unstable)  dithiocyanate  ether,  hypothio- 
cyanate,  thiooxime,  and  bicarbonate  [167,  168].  Bromine  K-edge  EXAFS  experi¬ 
ments  on  samples  containing  bromide  and  V-BPO  were  carried  out,  with  biomimetic 
vanadium  complexes  carrying  Br-V,  Br-C(aliphatic)  and  Br-C(aromatic)  bonds  as 
reference.  From  these  studies  [167,  168],  it  initially  appeared  that  bromide  did  not 
coordinate  to  the  vanadium  center  of  the  peroxidase,  but  bound  covalently  to  carbon, 
with  an  active  site  serine  as  a  possible  candidate.  However,  more  recent  evidence  by 
a  combination  of  EXAFS  and  electrospray  ionization  quadrupole  time  of  flight 
tandem  mass  spectrometry  (ESTQ-TOF  MS/MS)  of  tryptic  digests  [169]  provided 
an  important  correction  to  the  iodinated  Tyr  and  reactive  brominated  Ser  residues 
that  were  proposed  in  earlier  crystallographic [162]  and  spectroscopic  [167,  168] 
studies,  respectively.  This  study  [169]  found  that  native  AnvBPO  contains  Br  in  the 
surface  Tyr  residues  447  (frequently  dibrominated)  and  398  (rarely  monobromi- 
nated).  These  brominated  Tyr  residues  are  not  likely  to  be  reactive  intermediates  in 
the  catalytic  cycle  of  AmvBPO  due  to  their  location  at  the  surface  and  the  nature  of 
the  Br-Tyr  bond.  I  XAS  reveals  I  incorporation  to  a  lower  extent,  which  is  not 
detectable  by  MS/MS. 

In  this  series  of  experiments,  two  oxovanadium  complexes,  [VO(H20)2(sal-L- 
Leu)]  and  [V0(H20)j(5-Br-sal-Gly)],  had  been  structurally  characterized  [168]. 
These  complexes  contained  the  water  ligands  in  cis  and  trans  positions  to  the  oxo 
group,  at  V-OHj  distances  ranging  from  2.008  to  2.228  A,  and  were  used  to  model 
the  apical  electron  density  feature  observed  in  the  structures  of  fungal  and  algal 
V-HPOs.  Steady-state  kinetic  experiments  suggested  a  mechanism  in  which 
hydrogen  peroxide  first  binds  the  vanadate  active  site,  followed  by  halide  oxidation 
(Fig.  32.5)  [170,  171].  The  C.  inaequalis  V-CPO  and  the  A.  nodosumW-BPO  were 
used  to  get  deeper  insights  into  the  catalytic  mechanism  of  vanadium-dependent 
peroxidases.  The  high  conservation  of  the  residues  at  the  catalytic  vanadium  site 
and  results  from  phylogenetic  analyses  strongly  suggest  that  all  V-HPOs  share  the 
same  mechanism  of  action.  The  first  step  of  the  catalytic  cycle  involved  the 
coordination  of  hydrogen  peroxide  by  bound  hydrogen  vanadate,  producing  a 
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square-based  pyramidal  peroxovanadium  complex,  from  which  the  X-ray  struc¬ 
ture  of  V-CPO  has  been  resolved  [172].  The  propensity  of  vanadium(V)  to  coordi¬ 
nate  peroxides  is  well-established,  as  illustrated  by  the  classic  spot  test  for 
vanadate,  which  is  the  formation  of  the  red  oxoperoxovanadium(V).  Note  that 
peroxovanadates  are  remarkably  stable,  which  has  permitted  their  structural  char¬ 
acterization.  Although  the  interaction  between  and  the  bound  hydrogen  van¬ 
adate  is  widely  accepted  for  V-HPOs,  the  subsequent  steps  of  the  catalytic  cycle 
have  not  been  fully  elucidated.  The  halide  substrate  appears  not  to  be  directly 
coordinated  by  the  peroxovanadium  intermediate  according  to  X-ray  absorption 
spectroscopy  for  A.  nodosum  V-BPO,  which  led  to  the  proposal  of  a  halide  fixa¬ 
tion  site  in  the  vicinity  of  the  active  site  [173].  Recently,  such  a  fixation  site  could 
be  identified  in  the  crystal  structure  of  V-BPO  from  the  red  algae  C.  pilulifera  and 
a  selected  variant  (Arg397Trp).  Crystallographic  studies  in  the  presence  of 
potassium  bromide  (cocrystallization  or  soaking  experiments)  revealed  a  specific 
halogen  binding  site  involving  residue  Arg397  and  other  surrounding  amino  acids. 
All  of  the  data  sets  obtained  from  the  crystals  where  bromide  had  been  introduced 
showed  a  consistent  anomalous  peak  at  approximately  3.6A  from  the  oxygen  of 
the  vanadate.  This  is  consistent  with  a  previous  proposal  for  the  position  of  the 
bromide  in  the  related  Ascophyllum  bromoperoxidase  enzyme  as  determined  by 
X-ray  absorption  spectroscopy  experiments.  The  bromide  anion  appears  to  be 
bound  to  one  of  the  terminal  nitrogen  atoms  of  Arg397  at  a  distance  of  3  A.  The 
remaining  residues  in  the  environment  of  the  bromide  ion  are  mainly  hydrophobic. 
A  similar  hydrophobic  binding  pocket  has  previously  been  observed  in  other  pro¬ 
tein  structures  where  halogen  is  bound  [174].  The  presence  of  bromide  in  the 
active  site  is  associated  with  the  displacement  of  Leu337  with  formation  of  the 
hydrophobic  pocket.  The  environment  of  the  active  site  could  have  additional 
changes  upon  binding  of  peroxide;  however,  no  peroxo  complex  of  the  enzyme 
has  been  crystallized  [175].  The  peroxovanadium  complex  converts  X“  to  a  hal¬ 
ogen  intermediate,  X^  or  XOH.  Note  that  both  X^  and  XOH  are  in  spontaneous 
equilibrium  (Eq.  32.1),  and  both  can  account  for  the  halogenation/oxygen  insertion 
properties  of  the  V-HPO/H^Oj/X”  system.  Most  likely  XOH  is  initially  produced  by 
a  two-electron  oxidation  of  X“  [176]. 

Structural  and  biochemical  researches  have  focused  on  residues  to  the  vicinity  of 
the  active  site  in  V-CPO,  V-BPO,  and  V-IPO,  which  could  explain  the  origin  of  halide 
selectivity.  As  the  halide  is  not  directly  bound  to  the  vanadate,  the  neighboring 
amino-acids,  which  were  thought  to  play  a  crucial  role  in  substrate  selectivity,  were 
exchanged  by  site-directed  mutagenesis.  In  C.  inaequalis  V-CPO,  the  serine  residue 
hydrogen  bonded  to  the  vanadate  cofactor  has  been  changed  to  alanine  [177].  This 
mutation  led  to  a  putative  active  site  similar  to  the  one  proposed  for  L.  digitata  V-IPO 
[57]  and  significantly  decreased  the  reactivity  toward  chloride,  but  had  only  minor 
effects  on  bromination  kinetic  parameters.  Currently  it  is  argued  that  halogen  speci¬ 
ficity  depends  on  several  factors,  especially  on  the  hydrogen  bonding  network  in  the 
active  site  and  the  redox  state  and  the  distribution  of  charges  of  vanadate  center 
(Fig.  32.5).  As  discussed  earlier,  the  redox  potentials  of  X2/2X“  and  XOH/X”  vary 
significantly,  and  they  decrease  in  the  same  order,  that  is,  Cl>Br>I.  Thus,  if  the 
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peroxovanadium  center  of  V-IPO  has  a  low  enough  redox  potential,  Br"  and  Cl” 
oxidation  will  be  chemically  unfavorable.  Differences  in  amino  acid  residues  at  the 
active  site  and  in  stabilization  of  the  peroxovanadium  intermediate  will  influence  the 
redox  potential,  a  condition  that  is  crucial  for  halide  discrimination  [7]. 


32.5  CONCLUDING  REMARKS  AND  FUTURE  DIRECTIONS 

In  2011,  the  scientific  community  celebrated  the  discovery  of  the  novel  chemical 
element  iodine,  I ,  a  member  of  the  group  17  of  the  periodic  table  [5].  As  it  turned 
out,  iodine,  like  the  other  halogens,  had  and  still  has  a  significant  impact  on  numerous 
aspects  of  life  on  Earth.  Notably,  iodine  plays  a  key  role  in  thyroid  function,  with 
major  implications  for  human  health.  Despite  the  paramount  importance  of  iodine  as 
a  constituent  of  thyroid  hormones  and,  thus,  for  the  basic  functioning  of  mammalian 
physiology,  the  number  of  iodine-containing  natural  products  is  lower  compared  to 
its  relatives  within  the  group  of  halogens,  bromine  and  chlorine.  Iodine  has  a  rich 
bioinorganic  chemistry  because  of  its  wide  range  of  oxidation  states,  specifically  the 
iodide  anion  serves  as  a  valuable  complexing  agent  for  many  transition  metals 
including  vanadium.  In  several  respects,  iodine  is  unique  as  an  essential  bioelement. 
It  has  the  largest  ion  radius  (213  pm  as  iodide)  and  the  highest  atomic  mass  of  any 
ecologically  and  phylogenetically  widespread  biological  element  (126.9  Da). 
However,  note  that  several  microorganisms,  mostly  hyperthermophiles,  employ  with 
tungsten  (atomic  number  74,  183.84  Da)  an  even  heavier  element  for  redox  catalysis 
[178-180].  Most  important,  iodine  has  a  rich  environmental  chemistry.  In  view  of  its 
global  importance,  research  on  the  biogeochemical  cycle  of  this  element  has  become 
a  major  issue  and  has  attracted  the  interest  of  biologists,  chemists,  and  ecologists. 
Surprisingly,  iodide  is  both  the  chemically  simplest  and  first  inorganic  antioxidant 
that  has  been  demonstrated  to  be  operative  in  a  living  system,  with  tremendous  impli¬ 
cations  for  atmospheric  processes  [64].  Clearly,  the  exploration  of  the  environmental 
impact  of  iodine  and  its  compounds  will  require  interdisciplinary  efforts  including 
the  application  of  advanced  physical  techniques. 
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EPR,  electron  paramagnetic  resonance;  EXAFS,  extended  X-ray  absorption  fine 
structure;  NMR,  nuclear  magnetic  resonance;  N^OR,  nitrous  oxide  reductase; 
V-HPO,  vanadium  haloperoxidase;  V-CPO,  vanadium-chloroperoxidase;  V-BPO, 
vanadium-bromoperoxidase;  V-IPO,  vanadium-iodoperoxidase 
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The  ubiquitous  presence  of  iodine  in  marine  air  and  aerosol  particles  has  been  known 
since  the  early  1970s  [1,  2].  Photooxidation  of  gaseous  iodine  species  in  air  to  sol¬ 
uble  inorganic  products  allows  a  significant  fraction  of  emitted  iodine  to  partition  to 
the  aerosol  phase,  which  is  eventually  removed  by  wet  or  dry  deposition  to  the  land 
or  ocean.  In  fact,  marine  aerosol  particles  are  generally  enriched  in  iodine  by  two  to 
three  orders  of  magnitude  compared  to  concentrations  in  seawater  [3,  4].  Thus  sea 
salt  aerosol  is  a  net  sink  of  gaseous  iodine  (in  contrast,  it  represents  the  main  source 
of  chlorine  and  bromine  in  the  marine  boundary  layer),  though  it  plays  an  important 
role  in  recycling  gas-phase  iodine.  The  cycle  provides  a  vital  route  for  terrestrial 
uptake  of  iodine,  an  essential  component  of  mammalian  health. 

Of  the  few  Tg  year"*  of  iodine  believed  to  be  emitted  to  the  atmosphere,  it  is  clear 
that  the  majority  comes  from  the  ocean.  Anthropogenic  release  of  atmospheric  iodine 
is  believed  to  be  negligible,  although  methyl  iodide  (CHjI)  has  been  licensed  as  a 
pesticide  in  some  countries  as  a  replacement  for  the  stratospheric  ozone-destroying 
methyl  bromide  (CH^Br).  There  is  a  small  contribution  to  the  CH^I  burden  from 
natural  land  sources  [5]. 

There  are  numerous  biological  pathways  for  production  of  volatile  iodine 
compounds  by  marine  ecosystems.  These  include  methylation  of  iodine  by  marine 
microalgae  (phytoplankton)  [6]  and  by  a  wide  variety  of  aerobic  marine  bacteria 
[7,  8],  production  of  polyiodinated  organic  compounds  from  phytoplankton- 
containing  haloperoxidase  enzymes  [9],  and  production  from  natural  marine  aggre¬ 
gates  comprising  a  host  of  materials  including  phytoplankton  and  bacteria  [10].  As  a 
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consequence  of  these  reactions,  a  large  variety  of  volatile  organic  iodine  compounds 
(VOIC)  are  emitted  from  marine  algae  and  ecosystems  [9,  11,  12].  Enhanced 
emissions  have  been  found  when  algae  are  subject  to  high  illumination  [9,  12,  13].  In 
contrast,  Hughes  et  ai,  [  14]  found  no  effect  of  high  light  stress  on  iodocarbon  release 
by  three  species  of  marine  phytoplankton. 

There  is  also  evidence  that  nonbiological  iodine  sources  are  significant  in  the 
global  inventory  of  iodine.  CH^I  can  be  produced  from  sunlit  irradiation  of  seawater 
[15,  5].  The  suggested  mechanism  is  photochemical  generation  of  methyl  and  iodine 
radicals  from,  respectively,  dissolved  organic  matter  (DOM)  and  iodide  present  in 
the  surface  waters.  Measurements  in  the  North  and  tropical  Atlantic  have  confirmed 
that  surface  saturation  anomalies  of  CH^I  are  correlated  with  light  intensity  and  that 
the  photochemical  source  of  CH^I  is  abiotic  and  suggest  that  this  route  can  support  at 
least  half  of  the  average  sea-to-air  flux  [16,  17]. 

CHjI  is  the  most  abundant  organic  iodine  compound  in  the  atmosphere  [18],  yet 
recent  data  suggest  that  other,  more  reactive  oceanic  organic  iodine  compounds 
such  as  CHjICl  and  CH^I^  also  play  a  significant  role.  Both  biological  [19]  and 
photochemical  [20,  21]  routes  have  been  suggested  for  these  dihalomethanes,  in 
addition  to  production  by  macroalgae  [22].  Dihalomethanes  are  estimated  to 
contribute  as  much  iodine  globally  as  CH^I  and  potentially  two  to  four  times  the  flux 
of  I  atoms  from  CH,,!  in  the  lowest  200  m  of  the  atmosphere  due  to  their  shorter 
atmospheric  lifetimes  [23].  Despite  this,  it  seems  that  the  additional  presence  of 
such  compounds  is  not  sufficient  to  explain  the  abundance  of  reactive  iodine  oxide 
(10)  radicals  in  the  marine  boundary  layer.  An  additional  source  of  iodine,  some  two 
to  four  times  greater  than  that  provided  by  iodine-containing  mono-  and  dihaloge- 
nated  alkanes,  is  required  to  reconcile  models  with  observations  [23-25].  An 
additional  abiotic  contribution  to  the  atmospheric  iodine  budget  could  be  the  reac¬ 
tion  of  atmospheric  deposited  at  the  sea  surface  with  iodide  to  evolve  and  HOI 
[26,  27].  Recent  work  suggests  that  this  could  be  an  efficient  mechanism  for  iodine 
emission  from  the  open  ocean  [28].  Table  33.1  compares  atmospheric  lifetimes  of 
the  most  important  iodine  source  gases. 

Early  model  calculations  of  atmospheric  iodine  indicated  that  it  was  sufficiently 
abundant  in  the  lower  atmosphere  to  destroy  significant  quantities  of  ozone  [34]. 
Tropospheric  ozone  is  a  greenhouse  gas  and  at  elevated  concentrations  a  threat  to 
human  health  and  plant  growth.  Atmospheric  iodine  also  perturbs  the  concentration 
ratios  of  NO^/NO  and  OH/HO^  [34],  which  are  central  to  atmospheric  oxidation 


TABLE  33.1  Atmospheric  lifetimes  of  volatile  iodine  source  gases 


Iodine  species 

Atmospheric  lifetime  in 
the  lower  troposphere 

References 

CH3I 

5-11  days 

[5];  Ko  and  Poulet  2006; 

[29,  30] 

CH3CII 

0.1  days 

[31,30] 

CH3I3 

2- 10  min 

[32,  30] 

~10s 

[33] 
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processes.  A  key  species  in  these  chemical  cycles  is  the  10  radical.  10  was  suggested 
to  arise  predominantly  from  photodissociation  of  CH^I  to  I  atoms  followed  by  rapid 
reaction  with  Oj  (Rl),  leading  to  catalytic  cycles  for  O^  loss  [34]: 


I  +  03  — >  10  +  02 

(Rl) 

IO  +  HO2  ^HOI  +  Oj 

(R2) 

HOI  +  hu^OH  +  I 

(R3) 

NET  :  O3  +  HO2  ^  OH  +  20^ 

Despite  significant  additions  and  revisions  to  the  atmospheric  mechanisms  and 
kinetics  of  iodine  photochemistry  and  indeed  to  the  strength  and  nature  of  iodine 
source  gases,  the  major  features  of  these  early  predictions  have  been  borne  out,  as 
discussed  later. 

Observational  evidence  for  the  presence  of  10  was  first  reported  at  the  coastal  site 
of  Mace  Head,  Ireland  [35],  and  since  then  numerous  studies  have  indicated  that  10 
is  ubiquitous  in  the  lower  atmosphere  of  kelp-rich  coastlines,  with  reported  levels  up 
to  approximately  50  parts  per  trillion  by  volume  (pptv)  [36,  37].  However,  it  has 
become  clear  that  such  coastal  regions  offer  a  unique  iodine-rich  environment 
through  direct  emissions  of  very  reactive  molecular  iodine  (I^)  from  seaweed  [33,  38, 
39],  which  in  the  atmosphere  breaks  down  rapidly  by  either  photolysis  or,  at  night, 
reaction  with  nitrate  radicals  [33],  to  give  rise  to  I  radicals  and  thus  10  (reaction  Rl). 
It  was  long  established  that  seaweeds,  particularly  kelps,  emit  VOIC  (e.g.,  [40-42, 
12]).  More  recently  it  has  been  shown  that  the  inorganic  iodide  efflux  leading  to  I^ 
formation  after  an  oxidative  burst  is  some  three  orders  of  magnitude  higher  than 
organic  iodine  emissions  [43].  Volatilization  of  I^  from  kelps  exposed  to  air  appear  to 
explain  the  observations  ([44,  45]  and  references  therein)  of  coastal  “bursts”  of 
iodine-containing  ultrafine  aerosol  particles  at  low  tide  during  the  day.  Iodine  oxide 
particles  (lOPs)  are  thought  to  arise  via  the  recombination  reactions  of  10  and  OIO 
(formed  from  the  10  self-reaction  and  lO-i-BrO  cross-reactions)  to  form  higher 
oxides  (R4a,  R5,  R6)  followed  by  condensation  of  further  species  such  as  sulfuric 
acid  [46-48]  (Fig.  33.1). 


10  + 10^  010  + 1 

(R4a) 

^lOIO 

(R4b) 

— >  other  products 

(R4c) 

0I0  +  I0  +  M^l203+M 

(R5) 

OIO  +  OIO  +  M ^  IjO^  +  M 

(R6) 

Evidence  of  the  ability  of  these  lOPs  to  grow  to  the  point  of  becoming  cloud  con¬ 
densation  nuclei  (CCN)  has  been  demonstrated  by  McFiggans  et  al.  [49]  who 
observed  daytime  low  tide  formation  of  ultrafine  particles  of  10  at  low  tide  near 
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FIGURE  33.1  Simplified  schematic  of  iodine  photochemistry  in  the  atmosphere.  Lines 
represent  photolysis,  dotted  lines  illustrate  phase  equilibration  from  aerosol,  X  and  Y  are  hal¬ 
ogen  atoms,  and  “lOPs”  refers  to  iodine  oxide  particles. 


Roscoff,  France,  with  frequent  associated  increases  in  particle  size  to  several  tens  of 
nanometer  diameter,  such  that  they  would  act  as  CCN  at  reasonable  coastal  supersat¬ 
urations.  It  remains  an  open  question  as  to  whether  the  lower  levels  of  iodine  observed 
over  the  open  ocean  (see  discussion  later)  are  sufficient  to  form  lOPs  that  survive 
long  enough  to  grow  through  condensation  and  impact  marine  CCN. 

Although  strong  links  between  iodine,  new  particles,  and  particle  growth  have 
now  been  established,  the  chemistry  of  the  particle-forming  higher  oxides  of  iodine 
is  poorly  understood,  in  particular  the  branching  of  the  10  self  reaction  and  the  fate 
of  010  [50,  51]:  these  reactions  also  impinge  on  the  impact  of  iodine  on  gas-phase 
atmospheric  chemistry.  For  comprehensive  reviews  on  experimental  data  for  reactions 
of  iodine,  the  reader  is  referred  to  the  2003  special  issue  of  Chemical  Reviews  on 
Atmospheric  Chemistry  ([52]),  the  “Halogens  in  the  Troposphere”  white  paper  (HiT) 
[53],  and  a  second  review  of  iodine  in  Chemical  Reviews  [54]. 

Measurements  of  10  have  recently  become  available  over  the  open  ocean  and/or 
in  land-based  locations  representative  of  the  open  ocean  environment,  as  shown  in 
Table  33.2. 

Typical  maximum  mixing  ratios  of  0.5-3  pptv  lO  in  the  lower  troposphere  suggest 
a  global  role  for  iodine  chemistry.  Indeed,  it  has  been  shown  that  observed  ozone 
depletion  in  the  tropical  marine  boundary  layer  cannot  be  explained  in  the  absence  of 
reactive  halogen  compounds  [57].  The  presence  of  reactive  iodine  species  can  acti¬ 
vate  the  release  of  bromine  and  chlorine  via  heterogeneous  reactions  on  sea- salt 
aerosol  [61],  and  the  combined  presence  of  halogens  in  the  marine  environment  acts 
synergistically  to  catalyze  O3  destruction,  for  example,  via  the  cross-reaction  of  lO 
with  BrO  [62].  These  reactions  occur  in  addition  to  (R1-R3)  and  other  Oj-depleting 
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TABLE  33.2  Observations  of  lO  in  the  troposphere  over  the  open  ocean  using 
long-path  (LP)  and  multi-axis  (MAX)  differential  optical  absorption  spectroscopy 
(DOAS) 


Maximum  mixing 

Location  Technique  ratio  (±2o)/ppt  References 


Marine  boundary  layer,  ship-based 


Western  Pacific  (2009) 

MAX-DOAS 

2.2±0.5 

[25] 

Eastern  Pacific  (2010) 

MAX-DOAS 

0.9“ 

[55] 

Marine  boundary  layer,  land-based 

Tenerife,  Spain  (1997) 

LP-DOAS 

3±0.3 

[56] 

Cape  Verde 

LP-DOAS 

3.1  ±0.4 

[57];  [24] 

(2006-2007) 

Cape  Verde  (2010) 

MAX-DOAS 

1.5±0.6 

[58] 

Marine  boundary  layer,  aircraft 

Tropical  Pacific  (2010) 

Free  troposphere,  land-based 

MAX-DOAS 

0.5±0.1 

[59] 

Tenerife,  Spain  (1997) 

Free  troposphere,  aircraft 

MAX-DOAS 

0.4±0.2 

[60] 

Tropical  Pacific  (2010) 

MAX-DOAS 

0.1  ±0.06 

[59] 

“Maximum  daily  mean. 


cycles  including  the  self-reaction  of  10  (and  in  more  polluted  environments,  the  pho¬ 
tolysis  of  iodine  nitrate,  lONOj).  The  result  is  calculated  to  be  a  approximately  40% 
increase  in  photochemical  Oj  destruction  rates  in  the  tropical  marine  boundary  layer 
(compared  to  a  hypothetical  situation  without  halogens),  with  iodine  responsible  for 
about  2/3  of  the  halogen-related  loss  [57,  24]. 

Multi-axis  (MAX)  differential  optical  absorption  spectroscopy  (MAX-DOAS) 
measurements  suggest  10  mixing  ratios  of  between  0.2  and  0.4pptv  in  the  north 
Atlantic  free  troposphere  between  1  and  10km  [60]  and  approximately  O.lpptv  in 
the  Pacific  troposphere  between  2  and  10  km  [59],  respectively.  Such  low  levels  of 
10  are  challenging  to  retrieve  accurately,  but  indicate  that  most  of  the  10  vertical 
column  is  above  the  marine  boundary  layer  (~10x  shallower  than  the  overlying  free 
troposphere).  This  is  surprising  since  the  majority  of  sources  are  very  short-lived 
(Table  33.1)  and  could  have  implications  for  our  understanding  of  iodine  sources 
and/or  the  Ix  (I  +  lO)  lifetime  with  respect  to  irreversible  uptake  of  reactive  iodine  to 
aerosol  surfaces.  Over  the  tropical  tropospheric  ozone  column,  Saiz-Lopez  et  al.  [63] 
calculate  an  annually  averaged  depletion  due  to  bromine  and  iodine  of  around  10% 
ozone,  with  largest  effects  in  the  middle  to  upper  troposphere.  Such  ozone  depletion 
is  calculated  to  contribute  about  -O.lOW  m~^  to  the  radiative  flux  at  the  tropical  tro- 
popause,  which  is  significant  for  climate. 

As  discussed  previously,  the  presence  of  iodine  can  also  result  in  increased  OH  levels 
(e.g.,  through  reactions  (R2)  and  (R3)),  which  in  turn  affect  the  lifetime  of  methane  with 
further  implications  for  climate.  Box  models  predict  an  instantaneous  increase  in  surface 
(OH)  of  approximately  10%  in  the  low-NO^  open  ocean  environment  [57,  64];  however. 
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the  integrated  effects  of  halogens  may  actually  have  the  opposite  effect  since  formation 
of  halogen  nitrates  accelerates  the  oxidation  of  NO^  (NO+NO^).  Keene  et  al.  [65]  calcu¬ 
lated  that  the  consequent  lower  NO  concentrations  coupled  with  direct  reactions 
involving  halogens  yielded  lower  steady-state  mixing  ratios  of  OH  and  lower  midday 
ratios  of  OH :  HO^  under  a  variety  of  NO^  regimes. 

A  surprising  recent  discovery  is  that  significant  quantities  of  10  are  present  in 
geographically  diverse  polar  regions,  even  those  remote  from  ocean  sources,  as 
observed  from  ground-based  observations  in  both  the  Arctic  and  the  Antarctic  [66- 
69]  and  satellite  observations  of  atmospheric  columns  of  10  over  Antarctica  [70,  71]. 
Several  pptv  of  10  was  observed  in  the  Antarctic  spring  and  summer  [67],  and  up  to 
3pptv  near  Hudson  Bay  in  the  sub- Arctic  during  spring  [69].  Complete  destruction 
of  O3  by  bromine  chemistry  during  so-called  “ozone-depletion  events”  (ODEs)  is  a 
regular  feature  of  the  polar  lower  troposphere  in  spring  [72].  Due  to  strong  chemical 
coupling  with  BrO,  and  the  high  abundance  of  bromine  in  the  polar  environment 
[73],  even  a  few  pptv  of  10  can  amplify  O3  destruction  [74,  69].  The  presence  of 
iodine  is  also  suggested  to  enhance  the  oxidation  of  gaseous  elemental  mercury  (Hg®) 
to  reactive  gaseous  mercury  (Hg“)  [75,  67],  which  subsequently  deposits  to  the  snow 
pack,  potentially  leading  to  bioaccumulation  of  soluble  and  toxic  forms  of  mercury. 

As  to  polar  iodine  sources,  recent  Antarctic  measurements  suggest  very  high  lO 
concentrations  are  present  in  snow  interstitial  air  [68].  The  initial  source  of  iodine  is 
postulated  to  be  volatile  organic  compounds  produced  in  the  marginal  ice  zone  (MIZ) 
and  deposited  to  the  snow  pack  during  transport  inland  [68].  On  the  other  hand,  the 
observations  of  Mahajan  et  al.  [69]  indicate  that  the  source  of  lO  is  the  direct  emission 
of  iodine-containing  compounds  from  leads  formed  in  the  ice.  The  occurrence  of 
polynyas,  open  leads,  and  the  MIZ  is  likely  to  increase  as  the  Arctic  sea  ice  continues 
to  thin  and  retreat,  which  could  enhance  the  rate  of  iodine  flux  to  the  polar  atmosphere. 
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34.1  INTRODUCTION 

On  March  11,  2011,  a  massive  earthquake  (magnitude  9.0)  occurred  off  the  Pacific 
coast  of  the  Tohoku  region  in  Japan.  About  an  hour  later,  an  unimaginably  powerful 
tsunami,  with  waves  reaching  heights  of  more  than  10  m,  swept  the  Pacific  coast.  The 
tsunami  struck  all  four  reactors  of  the  Fukushima  Dai-ichi  Nuclear  Power  Station 
complex,  which  was  located  near  the  coastline,  leading  to  a  loss  of  control.  As  a 
result,  huge  amounts  of  radioactive  iodine,  primarily  iodine-131  and  radioac¬ 
tive  cesium,  primarily  cesium-137  [^^’Cs],  were  released  into  the  air  and  sea  causing 
serious  radioactive  contamination.  In  the  past,  with  major  nuclear  power  plant  acci¬ 
dents  occurring  in  Three  Mile  Island  in  the  United  States  in  1979  and  Chernobyl  in 
Ukraine  (the  former  Soviet  Union)  in  1986,  and  recently  with  the  Fukushima  disaster, 
the  world  is  once  again  reminded  of  the  real  dangers  of  contamination  with  radio¬ 
active  materials,  including  radioactive  iodine. 

Radioactive  iodine  is  associated  with  such  risks,  but  can  also  be  of  great  benefit 
when  used  for  medical  purposes.  Radioactive  iodine  has  been  used  in  the  field  of 
medicine  (nuclear  medicine),  as  diagnostic  and  therapeutic  radiopharmaceuticals 
and  therapeutic  medical  devices,  throughout  the  world.  Diagnostic  radiopharmaceu¬ 
ticals  include  iodine- 123  and  compounds  labeled  with  radionuclides  such  as 
technetium-99  m  [^*™Tc]  and  fluorine- 18  ['®F].  These  agents  are  administered  orally 
or  intravenously  to  perform  imaging  of  localized  radiation  from  radionuclides 
(gamma-  and  X-rays)  from  the  outside  of  the  body  using  a  radiation  detector  (e.g., 
single  photon  emission  computed  tomography  [SPECT]  camera  and  positron 
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FIGURE  34.1  Clinical  application  of  radioisotopes:  Outline  of  nuclear  medicine  procedure. 
Step  1:  Administration  of  a  diagnostic  radiopharmaceutical  into  the  patient’s  body  (left).  Step 
2:  Obtain  images  of  the  internal  distribution  of  radioactivity  using  a  SPECT  or  PET  camera 
(center).  Step  3:  Diagnosis  by  the  doctor  of  the  patient’s  condition  based  on  the  image  (right). 

emission  tomography  [PET]  camera),  and  to  diagnose  a  patient’s  condition  based  on 
abnormalities  in  the  internal  distribution  of  radioactivity  (Fig.  34.1). 

Therapeutic  radiopharmaceuticals  include  compounds  labeled  with  radioactive 
iodine  isotopes  such  as  iodine-125  and  iodine-131  ['^'1],  and  compounds  labeled 
with  radionuclides  such  as  strontium-89  [®®Sr]  and  yttrium-90  [®“Y].  Therapeutic 
radiopharmaceuticals  are  administered  orally  or  intravenously  to  the  body  to  treat 
lesions  with  internal  radiation  from  localized  radionuclides  emitting  alpha-  and 
beta-particles,  or  gamma-  and  X-rays.  As  a  medical  device,  iodine- 125  seeds 
(iodine- 125  on  a  silver  compound  sealed  in  a  titanium  capsule)  have  been  used  for 
internal  radiation  treatment  of  prostate  cancer. 

As  a  historical  lesson,  radioactive  contamination  containing  radioactive  iodine 
from  the  Fukushima  Dai-ichi  Nuclear  Power  Station  accident  will  be  discussed, 
followed  by  a  description  of  the  application  of  radioactive  iodine  to  medicine  as  the 
focus  of  the  chapter. 


34.2  NUCLEAR  POWER  PLANT  ACCIDENT 
AND  RADIOACTIVE  IODINE 

In  the  Fukushima  Dai-ichi  Nuclear  Power  Station  accident  in  201 1,  a  steam  explosion 
occurred  in  reactor  No.  4  on  March  15,  4  days  after  the  day  of  the  earthquake  and 
tsunami  (March  11),  which  released  large  amounts  of  radioactive  gases  into  the  air. 
Most  of  the  radioactive  gases  released  from  the  plant  were  radioactive  iodine-131  and 
radioactive  cesium- 1 37.  Small  amounts  of  radioactive  cesium- 1 34  (half-life:  2.07  years), 
radioactive  krypton-85  (half-life:  10.76  years),  and  radioactive  plutonium-239  (half-life: 
24,100  years,  mainly  present  in  soil)  were  also  detected.  Several  steam  explosions  also 
took  place  a  few  times  before  and  after  the  aforementioned  explosion,  releasing 
radioactive  gases  into  the  atmosphere  and  likely  contaminating  the  sea.  Because  large 
amounts  of  radioactive  iodine-131,  which  is  highly  volatile,  had  accumulated  in  the 
reactors  during  operation  as  a  result  of  nuclear  fission,  it  was  released  into  the  atmosphere 
when  the  explosion  occurred,  forming  radioactive  plumes.  Radioactive  cesium- 137  is 
also  assumed  to  have  been  released  into  the  atmosphere  with  radioactive  iodine  in  the 
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TABLE  34.1  Estimation  of  the  total  amount  of  radioactivity  released  into  the 
atmosphere  after  the  nuclear  power  plant  accident" 


Radionuclide 

Fukushima  accident 

Chernobyl  accident 

Iodine-131  (a) 

130,000  TBq 

1,800,000 TBq 

Cesium- 137 

11, 000  TBq 

85,000  TBq 

Convert  into  iodine- OF  (b) 

440,000  TBq 

3,400,000 TBq 

TotaPlal-t-fb) 

570,000  TBq 

5,200,000 TBq 

■Data  from  the  Nuclear  Safety  Commission  of  Japan  (August  24,  201 1). 

'’Eor  convenience,  the  total  amount  of  radioactivity  was  calculated  hy  correcting  the  effect  of  each 
radionuclide  on  the  human  body  based  on  the  radioactivity  of  iodine- 131.  The  sum  of  the  radioactivity  of 
iodine- 1 3 1  (a)  and  the  radioactivity  of  cesium- 137  multiplied  by  40  (b)  is  the  total  amount  of  radioactivity 
((a)-H(b)). 

form  of  oxide  and  hydroxide  particles.  Radioactive  plumes  mainly  spread  to  inland  areas 
under  the  influence  of  weather  and  geographic  conditions. 

Radioactive  iodine  in  the  atmosphere  descended  to  the  ground  with  rain  and 
flowed  into  rivers  contaminating  drinking  water  and  milk.  It  also  hit  mountains, 
descended  to  the  ground  at  the  feet  of  the  mountains,  and  adhered  to  farm  crops, 
causing  radioactive  contamination  of  vegetables  and  tea  leaves.  Radioactive 
contamination  was  also  observed  in  the  Kanto  region  including  Tokyo,  Kanagawa, 
and  Chiba,  more  than  200  km  away  from  the  site  of  the  accident  in  Fukushima. 
Radioactive  contamination  concentrated  in  some  places  due  to  wind  direction,  ter¬ 
rain,  and  rainfall,  creating  localized  hot  spots. 

The  total  amount  of  radioactivity  released  in  the  environment  from  the  Fukushima 
Dai-ichi  Nuclear  Power  Station  is  estimated  to  be  570,000 TBq  (Table  34.1).  Looking  at 
individual  radionuclides,  the  largest  amount  of  radioactivity  was  from  iodine-131 
(130,000TBq),  which  was  at  least  10-fold  more  than  the  cesium-137  (ll,000TBq), 
which  ranked  second.  The  total  amount  of  radioactivity  from  the  Fukushima  Dai-ichi 
Nuclear  Power  Station  is  estimated  to  be  approximately  1/10  of  that  from  the  Chernobyl 
accident.  It  is  of  note  that  radioactive  iodine  was  the  primary  nuclide  from  which  a  larg¬ 
est  amount  of  radiation  was  released  in  both  accidents.  Radioactive  iodine  is  known  to 
be  easily  incorporated  into  the  body  through  respiration  and  can  accumulate  in  high 
concentrations  in  the  thyroid  (see  Section  34.6).  The  Chernobyl  accident  has  shown  that, 
if  infants  inhale  radioactive  iodine,  they  are  at  high  risk  for  developing  thyroid  cancer.  It 
is  also  known  that  the  risk  of  exposure  to  radioactive  iodine  can  be  reduced  substantially 
by  using  iodine  preparations  (e.g.,  potassium  iodide  tablets  or  syrup)  as  prophylaxis.  If 
the  anticipated  iodine- 131  radiation  dose  in  infants  is  not  less  than  50  mS  v,  administration 
of  iodine  preparations  is  recommended.  However,  it  is  extremely  difficult  to  predict  the 
risk  of  exposure  to  radioactive  iodine- 131  in  an  accident  that  may  occur  abruptly. 

After  the  Fukushima  accident,  on  March  1 2  and  1 3 ,  the  Nuclear  Safety  Commission 
of  lapan  proposed  that  the  government  instruct  residents  living  near  the  plant  to  take 
iodine  preparations;  however,  the  Commission  was  unable  to  reach  anyone  in  the 
disaster  area  due  to  the  confusion  and  none  of  the  residents  were  able  to  take  iodine 
preparations.  It  was  discovered  later  that  the  radiation  exposure  did  not  require 
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prophylaxis  with  iodine  preparations.  However,  it  would  have  been  difficult  to  prove 
that  the  levels  of  radiation  exposure  to  all  infants  were  less  than  50  mSv,  and  it  would 
have  been  even  more  difficult  to  predict  the  risk  of  exposure  in  advance.  Adults  older 
than  40  years  are  at  extremely  low  risk  of  developing  thyroid  cancer  and  therefore 
need  not  receive  prophylaxis  with  the  iodine  preparations.  After  the  Chernobyl 
accident,  psychological  damage  to  more  than  1  million  people  posed  a  greater  threat 
than  radiation  exposure.  It  is  said  that  most  damage  was  caused  by  harmful  rumors. 
Therefore,  good  judgment  should  be  used  to  determine  whether  to  use  iodine  prepa¬ 
rations,  which  may  also  serve  as  a  tranquilizer,  taking  into  consideration  adverse 
reactions  to  these  products,  and  the  appropriate  provision  of  instructions. 

A  nuclear  power  plant  accident  should  not  occur  again.  However,  if  an  accident 
does  occur  and  if  radioactive  iodine  is  released,  appropriate  measures  should  be 
taken  immediately  after  the  accident,  and  a  preventative  system  including  prior 
distribution  of  iodine  preparations  should  be  established.  Fortunately,  the  half-life 
of  radioactive  iodine-131  is  short  (8.03  days);  and,  in  fact,  the  release  of  radioac¬ 
tive  iodine  into  the  atmosphere  in  Fukushima  was  settled  quickly,  with  the  level  of 
contamination  of  drinking  water  and  milk  returning  to  normal  in  approximately  1 
month  (4  half-lives).  The  half-life  of  cesium-137,  which  was  also  released  into  the 
atmosphere,  conversely  is  much  longer  (30.1  years)  and  the  effect  of  cesium- 137  is 
anticipated  to  be  prolonged  for  decades  or  hundreds  of  years. 


34.3  PROPERTIES  OE  RADIOACTIVE  IODINE 

The  four  representative  radioactive  iodine  isotopes  are  iodine-123  iodine-124 
['^"*1],  iodine-125  ['^^I],  and  iodine-131  ['^'I]  (Table  34.2).  Iodine-125  and  iodine-131 
are  by-products  of  nuclear  reactors,  and  application  of  these  isotopes  to  healthcare 
started  immediately  after  reactors  were  made  practical  in  the  1950s.  Iodine- 125  has  a 
relatively  long  half-life  (59.4  days)  and  emits  a  weak  X-ray  (27.5 keV).  In  the  1950s, 


TABLE  34.2  Physical  properties  and  medical  uses  of  representative  radioactive 
iodine  isotopes 


Isotope 

Half-life 

Decay  mode 
(intensity) 

Gamma-  or  X-ray 
energy  (intensity) 

Use 

Production  reaction 

123J 

13.3h 

EC  (100%) 

159keV(87%) 

Diagnosis 

‘2'»Xe(p,2n)‘23Cs  ^ 

123Xe^l23I 

124J 

4.2d 

EC  (78%) 

P*  (22%) 

1550  keV 

511  keV  (50%) 

Diagnosis 

‘2'*Te(p,2n)‘2‘tI 

125J 

59.4d 

EC  (100%) 

27.5  keV  (139%) 
35keV(7%) 

RIA 

Therapy 

‘“Xe(n,Y)‘“Xe(EC)^ 

125J 

131J 

8.03d 

p-(ioo%), 

608  keV 

364 keV  (83%) 
637keV(7%) 

Diagnosis, 

Therapy 

fission  product 

‘3“Te(n,Y)‘3iTe(p-)^‘"T 

EC,  electron  capture;  p*,  positron  emitter;  p  ,  beta  particle  emitter;  RIA,  radioimmunoassay 
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Rosalyn  S  Yalow  et  al.  developed  the  radioimmunoassay  (RIA)  using  protein  labeled 
with  iodine-125,  and  were  awarded  the  1977  Nobel  Prize  in  Physiology  or  Medicine 
for  the  development.  At  the  time,  the  RIA  was  the  most  sensitive  biochemical  method 
and  was  widely  used  for  the  analysis  of  hormones  that  were  present  in  trace  amounts  in 
vivo  and  for  immune  reaction  assay  using  antigen-antibody  interactions  until  recently. 
After  2000,  the  enzyme-linked  immunosorbent  assay  (ELISA),  which  is  more  simple 
and  rapid  without  the  need  for  radioactivity,  has  replaced  the  RIA,  thereby  ending  its 
use.  Currently,  iodine- 125  is  most  frequently  used  for  internal  radiation  therapy 
(brachytherapy)  in  the  form  of  implantable  medical  devices  in  which  it  is  enclosed. 

Iodine-131  (half-life:  8.03  days,  beta-decay)  is  a  unique  radioactive  iodine  isotope 
that  is  used  for  both  diagnosis  and  therapy.  It  is  easily  created  as  a  fission  product  of 
uranium-235  or  by  neutron  bombardment  of  tellurium- 130  in  a  reactor.  Iodine- 131 
was  the  first  radioactive  iodine  isotope  used  for  imaging,  but  has  been  replaced  by 
iodine- 123  in  the  development  of  recent  diagnostic  agents  because  of  its  high-energy 
gamma-ray  radiation  (364  and  637  keV).  Iodine- 131,  however,  is  useful  as  a  therapeutic 
radiopharmaceutical  because  it  emits  both  gamma-rays  and  beta  particles.  Sodium 
iodide  [^^'I]  has  been  used  for  60  years  in  the  treatment  of  thyroid  hyperfunction.  Its 
principal  beta  emissions  have  an  energy  of  608  keV  and  have  a  range  of  0.5-2  mm  in 
human  tissues.  More  recently.  Iodine  Tositumomab  [^^'I]  has  been  approved  in  the 
United  States  in  2004  as  the  world’s  first  pharmaceutical  for  radioimmunotherapy. 
Iodine  Tositumomab  ['^'I]  is  a  monoclonal  antibody  (MoAbs)  drug  labeled  with 
iodine-131.  The  radionuclide  iodine- 131  is  suitable  for  radioimmunotherapy  because 
its  half-life  (8.03  days)  is  similar  to  the  biological  half-life  of  MoAbs  in  vivo. 

Iodine- 123  is  one  of  the  most  commonly  used  radionuclides  along  with  techne- 
tium-99m  (half-life:  6.02 h,  gamma-ray  energy:  140 keV)  as  a  radioactive  diagnostic 
agent  for  SPECT  because  its  half-life  (13. 3h)  and  gamma-ray  energy  (159keV)  are 
suitable  for  SPECT  imaging.  Iodine- 123  is  obtained  in  a  cyclotron  via  the  nuclear 
reaction  of  '^''Xe  (p,  2n)  '^^I  with  high  yields.  Xenon- 124,  a  starting  material  of  this 
nuclear  reaction,  is  one  of  the  stable  xenon  isotopes  that  accounts  for  only  0.095%  of 
natural  xenon  gas.  In  the  1980s,  enriched  xenon-124  gas  (isotopic  ratio:  >95%)  became 
available,  which  permitted  the  development  of  radiopharmaceuticals  using  iodine- 123. 

Because  iodine-124  is  a  positron  (P^)-emitting  radionuclide,  it  can  be  used  in  PET, 
which  can  provide  higher-resolution  images  than  SPECT.  Iodine- 124  is  useful  in 
investigating  the  pharmacokinetics  of  MoAbs  with  slow  biological  processes  because 
of  its  relatively  long  half-life  (4.2  days),  although  its  positron  emission  rate  (22%)  is 
low.  The  medical  use  of  iodine- 124,  however,  is  limited  to  research  purposes  because 
the  exposure  dose  may  be  increased  by  its  long  half-life. 

Radioactive  elements  that  are  suitable  for  nuclear  medicine  are  limited  by  the 
decay  mode,  emitted  gamma-  or  X-ray  energy,  gamma-  or  X-ray  emission  rate,  and 
half-life.  In  addition  to  the  radioactive  iodine  isotopes  listed  earlier,  metallic  elements 
such  as  gallium-67  ['’’Ga],  gallium-68  [**03],  strontium-89  [*®Sr],  yttrium-90  [’“Y], 
technetium-99  m  [^^™Tc],  indium-111  ["Tn],  and  radium-223  p^Ra]  are  commonly 
used.  None  of  these  elements  are  essential  for  the  human  body,  as  all  are  compounds 
foreign  to  the  body.  Of  the  halogen  elements,  fluorine,  chloride,  and  iodine  with  the 
exception  of  bromine  are  essential  elements  or  essential  trace  elements.  Eluorine-18 
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['T]  is  one  of  the  optimum  nuclides  for  PET  (P+  decay,  half-life:  1  lOmin).  PET  was 
implemented  rapidly  after  the  late  1990s  due  to  advances  in  the  performance  of  PET 
cameras  and  the  establishment  of  the  fluorine- 18  labeling  technique.  At  present, 
there  are  only  a  few  commercially  available  PET  imaging  agents  representative  of 
fluorine- 1 8-fluorodeoxy glucose  ['T],  which  is  indicated  for  the  diagnosis  of  tumors; 
however,  next-generation  fluorine- 1 8-labeled  radiopharmaceuticals  are  now  under 
development.  Unfortunately,  there  are  no  radioactive  chlorine  or  bromine  isotopes 
that  have  physical  properties  suitable  for  nuclear  medicine. 

As  previously  described,  (i)  iodine  can  be  safely  administered  to  humans  as  a  drug 
because  it  is  an  essential  trace  element  for  the  human  body,  (ii)  radioisotopes  suitable  for 
both  SPECT  (iodine-123)  and  PET  (iodine-124)  are  available,  and  (iii)  radioisotopes 
suitable  for  internal  radiotherapy  (iodine- 125  and  iodine- 131)  are  available,  showing 
that  iodine  is  one  of  the  elements  that  largely  contribute  to  nuclear  medicine.  More  than 
15  products  (pharmaceuticals  and  medical  devices)  labeled  with  or  containing  radioac¬ 
tive  iodine  are  now  commercially  available  worldwide,  and  new  pharmaceuticals  and 
medical  devices  using  radioactive  iodine  are  still  being  developed. 

Commercial  use  of  iodine- 123-labeled  radiopharmaceuticals  started  in  the  1980s 
in  Japan  and  Europe.  Japan  has  the  largest  number  of  iodine- 123-labeled  products  on 
its  market  because  the  half-life  of  iodine- 123  (13.3  h)  is  suitable  for  nationwide 
delivery.  Another  reason  is  that  there  are  no  nuclear  reactors  dedicated  for  medical 
purposes  in  Japan,  and  iodine-123  can  be  produced  in  a  cyclotron,  which  has 
been  developed  domestically.  Conversely  in  the  United  States,  commercial  use  of 
iodine- 123  was  delayed  because  of  difficulty  in  delivering  products  with  short  half- 
lives  throughout  the  large  country,  despite  many  iodine- 123  radiopharmaceuticals 
having  been  discovered  in  the  country.  In  the  2010s,  lobenguane  and  loflupane 
['2^1]  were  finally  launched  in  the  United  States  for  the  following  reasons:  (i)  radio¬ 
active  iodine-labeled  products  were  essential  to  more  appropriately  satisfy  various 
medical  needs,  (ii)  no  alternative  radionuclides  were  available,  and  (iii)  a  distribution 
system  that  covers  all  areas  of  the  United  States  has  been  established,  enabling 
delivery  of  products  with  short  half-lives  such  as  iodine-123  radiopharmaceuticals. 
Commercial  use  of  iodine- 1 3 1-labeled  radiopharmaceuticals  has  long  been  the  most 
successful  in  the  United  States  partly  because  of  its  long  half-life  (8.03  days). 

Radiation  exposure  of  subjects  is  unavoidable  in  examinations  using  diagnostic 
radiopharmaceuticals.  When  an  iodine- 123-labeled  radiopharmaceutical  is 
administered  intravenously  at  a  standard  dose  (1 1 1-222  MBq),  the  internal  radia¬ 
tion  dose  (effective  dose)  ranges  from  0.5  to  2.2  mSv.  The  average  annual  natural 
radiation  dose  is  2.4  mSv  (around  the  world),  and  the  radiation  dose  per  X-ray 
examination  or  computed  tomography  (CT)  scan  ranges  from  several  to  lOmSv. 
That  is,  the  radiation  dose  per  radionuclide  imaging  is  equivalent  to  or  lower  than 
that  of  the  annual  natural  radiation  dose  or  radiation  dose  per  CT  scan,  suggesting 
that  the  health  risk  of  radionuclide  imaging  is  considerably  low.  To  avoid  unnec¬ 
essary  exposure,  however,  radionuclide  imaging  should  be  performed  only  when 
the  benefit  of  diagnosis  is  considered  to  outweigh  the  risk  of  exposure.  When  a 
therapeutic  radiopharmaceutical  is  to  be  used,  the  radiation  dose  to  the  lesion  is 
naturally  far  higher  (up  to  1000  times)  than  the  radiation  dose  for  diagnosis,  and 
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have  in  common  is  that  they  are  labeled  with  radioactive  iodine  on  the  benzene 
ring.  Pharmaceuticals  labeled  with  radioactive  iodine  are  often  designed  by 
imitating  physiological  compounds  and  known  pharmaceuticals.  For  example, 
lomazenil  is  an  analogue  of  the  benzodiazepine  receptor  (BZR)  antagonist 
flumazenil  in  which  fluorine  is  replaced  with  iodine- 123  on  the  benzene  ring,  beta- 
methyl-p-iodophenylpentadecanoic  acid  (BMIPP)  is  an  analogue  of 

long-chain  fatty  acids  represented  by  palmitic  acid  in  which  the  iodine-  123-labeled 
phenyl  group  is  substituted  at  the  omega  end  of  the  aliphatic  side  chain.  There  are 
several  nonradioactive  pharmaceuticals  with  iodine  substitution  such  as  anti¬ 
hyperthyroidism  agents  and  CT  contrast  agents,  but  pharmaceuticals  with 
substitution  of  halogen  elements  such  as  fluorine,  chlorine,  and  bromine  are  more 
common,  because  iodine  atoms  are  larger  than  those  of  other  elements,  which 
makes  it  slightly  difficult  to  substitute  for  elements  in  physiological  compounds 
without  changing  their  original  properties. 

Of  aliphatic  carbon-halogen  (C-X)  bonds,  the  carbon-iodine  (C-I)  bond  is  weak¬ 
est,  unstable  in  vivo,  and  susceptible  to  enzymatic  cleavage.  In  rare  cases,  free  iodide 
ions  in  the  body  cause  allergic  reactions  in  patients  with  hypersensitivity  to  iodine, 
even  in  trace  amounts.  Iodine  substitution  of  a  pharmaceutical  usually  takes  place  on 
the  benzene  ring,  where  the  C-I  bond  is  stable.  The  optimum  position  of  iodine 
substitution,  that  is,  ortho,  meta,  or  para,  is  determined  by  taking  into  account  the 
lipid  solubility,  bioactivity,  pharmacokinetics,  and  in  vivo  stability  of  each  compound. 
For  example,  in  the  case  of  lobenguane  [^^^I],  iodine  was  easily  eliminated  from  the 
drug  in  vivo  when  radioactive  iodine  substitution  took  place  at  the  ortho  or  para 
position,  whereas  it  was  stable  in  vivo  when  the  substitution  took  place  at  the  meta 
position  and,  as  a  consequence,  m-iodobenzylguanidine  was  selected  for  clinical 
application.  In  the  case  of  BMIPP  [^^^I],  the  para  position  of  the  benzene  ring  was 
selected  as  the  optimum  labeling  position  at  which  myocardial  cells  recognize 
BMIPP  [‘231]  as  fatty  acid. 

Radioactive  iodine  is  also  useful  in  labeling  plasma  proteins  and  MoAbs.  lodinated 
human  serum  albumin  [‘3‘I]  for  the  measurement  of  circulating  blood  volume  and 
Iodine  Tositumomab  [‘3‘I]  for  the  treatment  of  follicular  lymphoma  have  been  used 
in  clinical  practice.  Radioactive  iodine  is  substituted  to  a  tyrosine  residue  {meta  posi¬ 
tion  on  the  benzene  ring)  in  protein  in  the  presence  of  oxidizing  agents  such  as  iodo- 
gen  and  A-chlorosuccinic  acid. 

In  the  field  of  medical  devices,  iodine-125  seeds  (iodine-125  on  a  silver 
compound  sealed  in  a  titanium  capsule  measuring  5  mm  in  length  and  1  mm  in 
diameter)  are  commercially  available  for  radiation  therapy  of  prostate  cancer. 
Usually,  60-80  iodine-125  seeds  are  implanted  into  the  prostate  of  patients  with 
prostate  cancer  using  a  special  needle  (permanent  implantation).  Low-energy-X- 
rays  (27.5  keV)  emitted  by  iodine-125  seeds  are  delivered  to  cancer  cells.  The 
X-rays  travel  only  a  short  distance  and  do  not  affect  surrounding  normal  tissues. 
Because  this  therapy,  known  as  brachytherapy,  does  not  require  a  laparotomy, 
patients  can  leave  the  hospital  in  2  or  3  days  and  return  to  work  shortly  thereafter. 
Fewer  adverse  reactions  and  maintenance  of  sexual  function  are  also  major 
advantages  of  the  brachytherapy. 
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34.5  LABELING  REACTION  OF  PHARMACEUTICALS  LABELED 
WITH  RADIOACTIVE  IODINE 

The  expiration  dates  of  iodine- 123-labeled  pharmaceuticals  are  within  48  h  of 
production  because  the  half-life  of  iodine-123  is  only  13.3  h.  Therefore,  iodine-123- 
labeled  pharmaceuticals  are  manufactured  at  plants,  delivered  to  hospitals  the  next 
morning,  and  used  for  patients’  examinations  in  the  morning  of  the  same  day.  In  other 
words,  iodine- 123-labeled  pharmaceuticals  are  manufactured  every  day,  and  therefore 
the  corresponding  manufacturing  methods  should  be  as  simple  as  possible. 

Figure  34.3  shows  an  example  of  a  radioactive  iodine  labeling  reaction  by  the 
iodine-iodine  isotope-exchange  reaction.  By  this  method,  a  compound  having  the 
benzene  ring  on  which  nonradioactive  iodine  has  been  substituted  beforehand  is 
labeled  with  radioactive  iodine  via  the  nucleophilic  aromatic  substitution  through  the 
addition  of  radioactive  iodide  ions  to  the  compound  in  the  presence  of  a  copper  ion 
catalyst  (Fig.  34.3,  top).  In  the  case  of  lofetamine  ['^^I],  the  desired  compound  can  be 
obtained  with  a  yield  of  about  90%  by  adding  sodium  iodide  [‘^^I]  using  copper  sul¬ 
fate  as  a  catalyst  and  allowing  it  to  react  at  200°C  for  60 min  (Fig.  34.3,  bottom).  This 
method  is  applicable  only  to  thermostable  products  because  it  requires  a  relatively 
high  temperature  and  sufficient  reaction  time.  Because  the  method  uses  1-10  mg  of 
lofetamine  substituted  by  nonradioactive  iodine  as  raw  material,  the  nonradioactive 
iodine  compound  remains  in  the  product  after  the  reaction.  (The  raw  material  is 
chemically  identical  to  the  compound  labeled  with  radioactive  iodine  and  therefore 
cannot  be  separated.)  Thus,  it  is  difficult  to  obtain  a  radioactive  iodine  compound 
with  high  specific  activity. 

For  this  reason,  a  radioactive  iodine  substitution  reaction  using  a  precursor  substi¬ 
tuted  by  a  leaving  group  (X)  that  would  allow  labeling  under  milder  conditions  was 
developed  as  shown  in  Figure  34.4  [1].  This  method  is  used  to  add  radioactive  iodide  ion 
to  a  compound  having  the  benzene  ring  substituted  by  X  as  the  leaving  group, 
allowing  hydrated  radioactive  iodine  cations  to  form  using  an  oxidizing  agent,  and 
labeling  the  compound  with  radioactive  iodine  via  the  electrophilic  aromatic  substitution 
reaction  (Fig.  34.4,  top).  In  the  case  of  loflupane  [*^^I],  the  desired  compound  can  be 
obtained  by  adding  radioactive  sodium  iodide  ['^^I]  to  the  trimethylstannyl-substituted 


FIGURE  34.3  Nucleophilic  aromatic  substitution  of  radioactive  iodine  via  the  iodine-iodine 
isotope  exchange  reaction  (top).  Example  of  lofetamine  labeling  (bottom). 
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FIGURE  34.4  Electrophilic  aromatic  substitution  reaction  of  radioactive  iodine  using  a 
leaving  group  X  substituted  precursor  (top).  Example  of  loflupane  labeling  (bottom). 


precursor  in  the  presence  of  an  oxidizing  agent  and  allowing  it  to  react  at  room  temper¬ 
ature  for  lOmin  (Fig.  34.4,  bottom).  The  amount  of  precursor  used  in  this  reaction  is 
only  a  few  micrograms.  Theoretically,  a  carrier-free,  high-specific-activity  product  can 
be  obtained  because  the  precursor  does  not  contain  iodine.  If  the  number  of  molecules 
in  the  body  to  be  targeted  by  the  radiopharmaceutical  is  very  small  (e.g.,  transporters  and 
receptors  in  the  central  nervous  system),  the  dose  of  radiopharmaceutical  administered 
to  the  body  is  preferably  as  low  as  possible.  More  recently,  a  labeling  technique  using 
trialkylstannyl  precursor  has  been  commonly  used. 


34.6  SODIUM  IODIDE 

Sodium  iodide  capsule  and  sodium  iodide  [^^T]  capsule  are  the  simplest  inor¬ 
ganic  pharmaceuticals  made  from  radioactive  iodine.  Both  are  used  for  the  diagnosis 
of  thyroid  dysfunction  and  thyroid  tumors.  Sodium  iodide  ['^'1]  is  also  useful  in  treat¬ 
ing  hyperthyroidism  (Graves’  disease  and  thyroid  tumors),  by  utilizing  emitted 
internal  beta  radiation.  Sodium  iodide  is  usually  administered  orally  to  adults  at 
doses  of  3.7-7.4MBq,  and  imaging  is  performed  3-24h  after  administration.  When 
sodium  iodide  ['^T]  is  used  for  diagnosis,  it  is  usually  administered  orally  to  adults  at 
doses  of  0. 1 85-3.7  MBq.  When  sodium  iodide  is  used  for  treatment,  it  is  admin¬ 

istered  orally  in  multiple  doses,  up  to  7.4  GBq  per  dose,  which  is  greater  than  1000 
times  the  comparable  diagnostic  dose. 

Sodium  iodide  ['^^I]  and  sodium  iodide  ['^'1]  are  available  in  capsules  contain¬ 
ing  adsorbing  excipients  such  as  sucrose.  When  administered  orally  to  humans, 
radioactive  iodide  ions  in  the  stomach  gradually  move  into  the  blood  and  accumu¬ 
late  mainly  in  the  thyroid  glands.  Within  24  h  after  administration,  10-40%  of  the 
radioactive  materials  have  accumulated  in  the  normal  thyroid  glands  and  are 
synthesized  into  thyroid  hormones  such  as  thyroxine  and  triiodothyronine.  The 
thyroid  uptake  of  radioactive  iodine,  on  the  other  hand,  may  be  greater  than  70%  in 
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patients  with  hyperthyroidism.  The  human  thyroid  glands  are  small  organs  located 
in  the  throat  region,  which  weighs  15-20  g  (<5cm  in  length),  and  makes  up  only 
1/3500  of  body  weight  if  the  standard  weight  for  adults  is  70kg.  Nonetheless, 
radioactive  iodine  specifically  accumulates  in  the  thyroid  glands,  where  it  is 
enriched  about  100  times.  Radioactive  iodine  is  rarely  found  in  organs  other  than 
the  thyroid,  and  the  remaining  radioactivity  is  excreted  in  the  urine.  Thus,  radioac¬ 
tive  iodide  ions  efficiently  accumulate  only  in  the  thyroid  glands,  the  target  organ, 
and  are  rarely  found  in  other  organs,  making  them  suitable  for  the  diagnosis  and 
treatment  of  thyroid  glands. 

With  the  exception  of  radioactive  iodide  ion,  only  a  few  radiopharmaceuticals 
specifically  accumulate  in  a  single  organ  in  high  concentrations.  Radioactive  fluoride 
ions  ('*F,  positron-emitting  radionuclide,  half-life:  110  min)  are  one  such  example. 
When  sodium  fluoride  ['®F]  is  administered  intravenously  to  the  human  body,  more 
than  60%  of  radioactive  fluorine  accumulates  in  the  bones  within  1  h  of  administration. 
Bones  make  up  about  10%  of  body  weight,  which  means  that  radioactive  fluorine 
accumulates  in  the  bones  at  concentrations  that  are  about  six  times  that  in  other  tis¬ 
sues.  Because  radioactive  fluorine  accumulates  in  bone  metastases  of  tumors  in  espe¬ 
cially  high  concentrations,  it  is  used  to  detect  bone  metastases. 

Most  of  radiopharmaceuticals  are  administered  intravenously.  Why  then  is  radio¬ 
active  sodium  iodide  the  only  one  administered  orally?  If  orally  administered  radio¬ 
active  iodide  ions  move  into  the  blood  via  the  stomach,  it  seems  more  effective  to 
directly  inject  radioactive  iodide  ions  into  the  vein,  to  deliver  radioactive  iodine  to  the 
thyroid  glands.  When  sodium  iodide  was  administered  intravenously  to  rats,  the 
thyroid  uptake  was  only  0.15%  at  Ih  after  administration,  peaked  at  0.80%  at  15  h 
after  administration,  and  then  decreased  with  time.  These  results  showed  that  the  oral 
route  was  far  more  effective  in  allowing  the  uptake  of  radioactive  iodine  by  the  thy¬ 
roid  glands  than  the  intravenous  route.  It  remains  to  be  seen  why  the  thyroid  uptake 
varies  depending  on  the  route  of  administration.  Possible  causes  include  the  involve¬ 
ment  of  some  carrier  in  the  transportation  of  radioactive  iodine  in  the  blood  or  a 
mechanism  of  thyroid  uptake,  and  the  influence  of  the  rate  at  which  iodine  is  taken 
up  by  the  thyroid  gland.  As  described  in  32.2,  the  majority  of  radioactive  materials 
released  from  nuclear  power  plant  accidents  are  radioactive  iodine  (primarily  '^'I), 
and  radioactive  iodine  descends  to  the  ground  as  inorganic  compounds,  adhering  to 
food  (vegetables,  tea  leaves,  and  fruits)  and  contaminating  drinking  water  and  milk. 
As  described  earlier,  if  radioactive  iodine  is  inhaled  or  taken  orally,  it  accumulates  in 
the  thyroid  glands  in  extremely  high  concentrations.  In  the  event  of  a  nuclear  power 
plant  accident,  the  use  of  the  iodine  preparations  as  prophylaxis  against  radiation 
exposure  is  one  of  the  most  important  issues  for  discussion. 


34.7  lOFETAMINE  [i“I] 

lofetamine  ['^^I]  ('^^I-A-isopropyl-4-iodoamphetamine),  a  diagnostic  imaging 
agent  (injection)  for  ischemic  brain  diseases,  was  developed  by  R.  M.  Baldwin,  H. 
S.  Winchell,  T.  H.  Lin,  et  ah,  of  Medi-Physics,  Inc.  (the  United  States),  in  1978  [2]. 
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At  that  time,  it  was  already  known  that  amines  were  one  of  the  major  classes  of 
neurotransmitters  in  the  brain  and  certain  iodinated  amines  were  taken  up  by  the 
brain.  Winchell  et  al.  then  synthesized  about  40  different  iodine- 123-labeled 
aniline,  benzyl,  and  phenethylamine  derivatives,  with  the  aim  of  developing  agents 
for  diagnostic  imaging  of  the  brain.  They  investigated  the  biodistribution  of  these 
compounds  intravenously  injected  into  rats  and  succeeded  in  discovering  lofetamine 
an  amine  compound  with  the  highest  brain  uptake  and  brain/blood  ratio  [3]. 
The  brain  uptake  (%  g ',  percentage  of  radioactivity  in  the  brain  relative  to  the  total 
injected  dose  divided  by  the  brain  weight  g)  of  lofetamine  in  rats  was  1.57% 
g“^  at  5  min  after  administration  and  2.14%  g  '  at  60  min  after  administration,  and 
the  brain/blood  ratio  (ratio  of  the  amount  of  radioactivity  to  each  organ  or  tissue 
per  unit  weight)  was  12.6  at  5  min  after  administration  and  20.7  at  60  min  after 
administration.  In  the  human  body,  lofetamine  began  to  accumulate  in  the 
brain  immediately  after  administration.  It  gradually  increased  to  reach  8.5%  at 
1.5  h  after  administration,  and  then  slowly  decreased  [4].  In  the  human  body,  the 
uptake  of  radioactivity  by  the  lungs  was  highest,  with  48%  accumulation  within 
1  min  of  administration  followed  by  a  rapid  decrease,  suggesting  the  presence  of 
nonspecific  amine  receptors  in  the  lungs. 

Ischemic  brain  diseases  that  can  be  effectively  diagnosed  using  lofetamine 
include  cerebral  infarction  (acute  and  chronic),  transient  ischemic  attack 
(TIA),  cerebral  artery  occlusion/stenosis,  intracranial  hemorrhage,  subarachnoid 
hemorrhage,  moyamoya  disease,  and  cerebral  arteriovenous  malformation.  The 
brain  is  an  organ  with  good  blood  flow;  blood  flow  in  the  brain  per  unit  time 
accounts  for  about  10%  of  blood  flow  all  over  the  body.  The  average  cerebral 
blood  flow  in  healthy  subjects  determined  using  lofetamine  ['^^I]  was 
47.2±5.4ml/100g-min  [5].  Because  lofetamine  ['^^I]  accumulates  in  the  brain  in 
proportion  to  local  blood  flow  in  the  brain,  images  of  cerebral  blood  flow  (scinti¬ 
gram)  can  be  taken  with  a  gamma  camera  or  SPECT  camera  15-30  min  after  intra¬ 
venous  administration  of  lofetamine  ['^^I]  (1 1 1-222 MBq,  l-2ml).  Namely,  in 
cases  of  ischemic  brain  diseases  such  as  cerebral  infarction,  defects  occur  in  brain 
areas  wherein  blood  flow  is  decreased  or  blocked,  making  it  possible  to  identify 
ischemic  lesions  and  surrounding  areas.  In  addition  to  nuclear  medicine.  X-ray, 
CT,  and  magnetic  resonance  imaging  (MRI)  are  well-known  brain  imaging  and 
diagnostic  procedures.  With  high  spatial  resolution  (resolution  of  1  mm).  X-ray, 
CT,  and  MRI  can  take  images  of  subtle  changes  in  the  brain  structure  associated 
with  pathologic  conditions.  X-ray  and  CT  are  advantageous  in  terms  of  the  detec¬ 
tion  of  cerebral  hemorrhage,  and  MRI  is  advantageous  in  terms  of  the  detection  of 
brain  tumors.  Radionuclide  imaging  can  assist  in  the  visualization  of  vital  struc¬ 
tures  and  organs  reflecting  their  activities  at  the  cellular  level,  although  it  has 
lower  spatial  resolution  than  the  other  methods.  That  is  to  say,  it  is  effective  in 
detecting  the  early  stages  of  impaired  cerebral  blood  flow  (before  a  change  in  the 
morphology  occurs)  that  cannot  be  visualized  by  X-ray,  CT,  or  MRI,  and  detect¬ 
ing  lesions  responsible  for  neurologic  symptoms  that  cannot  be  explained  by 
X-ray,  CT,  or  MRI. 
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FIGURE  34.5  Cerebral  blood  flow  maps  of  lofetamine  in  dementia  patients  by  disease 
subtype.  The  distribution  of  blood  flow  is  seen  on  each  cross-section  of  the  brain.  White  areas 
represent  normal  blood  flow  and  red-yellow  areas  represent  reduced  blood  flow.  AD,  Alzheimer’s 
disease;  ANT,  anterior  view;  DLB,  dementia  with  lewy  bodies;  FTD,  frontotemporal  dementia; 
INF,  inferior  view;  LTLAT,  left  lateral  view;  LTMED,  left  medial  view;  POST,  posterior  view; 
RTLAT,  right  lateral  view;  RTMED,  right  medial  view;  SUP,  superior  view;  VaD,  vascular 
dementia.  (See  insert  for  color  representation  of  the  figure.) 


The  mechanism  of  lofetamine  uptake  by  the  brain  is  not  precisely  known. 
However,  it  is  thought  to  first  pass  through  the  blood-brain  barrier  (BBB)  and  bind 
to  the  relative,  nonspecific,  high-volume  amine  receptor  localized  in  the  gray  matter 
of  the  brain. 

In  1985,  lofetamine  was  approved  for  the  first  time  in  the  world  in  Japan  for 
the  indication  of  regional  cerebral  blood  flow  scintigraphy.  Unfortunately,  its 
clinical  use  is  extremely  limited  in  Europe  and  the  United  States.  Conversely,  in 
Japan,  where  cerebrovascular  disorder  is  always  one  of  the  most  common  causes  of 
death,  imaging  with  lofetamine  has  been  widely  used.  As  the  analysis  of  the 
cerebral  blood  flow  profile  of  lofetamine  progressed,  the  regional  cerebral 
blood  flow  maps  of  patients  with  dementia  such  as  Alzheimer’s  disease  (AD)  were 
found  to  have  distinctive  profiles  corresponding  to  each  underlying  cause  (Fig.  34.5). 
Dementia  has  some  subtypes  that  include  vascular  dementia  (VaD),  dementia  with 
lewy  bodies  (DLB),  frontotemporal  dementia  (FTD),  and  AD,  which  accounts  for 
the  largest  percentage  of  dementia  cases.  In  AD  patients,  blood  flow  is  reduced  sym¬ 
metrically  in  the  posterior  cingulate  gyrus.  In  VaD  patients,  a  reduction  in  blood 
flow  caused  by  underlying  diseases  such  as  cerebral  infarction  is  observed,  often 
only  in  one  cerebral  hemisphere  (asymmetrical).  In  DLB  patients,  a  reduction  in 
blood  flow  appears  in  the  occipital  lobe.  In  FTD  patients,  a  reduction  in  blood  flow 
appears  in  the  frontal  and  temporal  lobe.  With  the  rapid  increase  in  the  number  of 
dementia  patients  in  recent  years,  the  use  of  lofetamine  is  substantially 

increasing  to  differentiate  the  subtypes  of  dementia. 
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34.8  lOFLUPANE 

loflupane  (ethyl-5 ,6-dihydro-7-iodo-'^^I-5-methyl-6-oxo-4//-imidazo[l,5-a] 

[l,4]benzo-diazepine-3-carboxylate)  is  a  phenyltropane  radioactive  diagnostic 
imaging  agent  (injection)  developed  by  Neumeyer  et  al.  of  Research  Biochemicals 
Internationals  in  the  United  States  in  1992  [6].  loflupane  [*^^I]  is  a  cocaine  analogue 
that  has  a  high  affinity  (Ki  =  0.6nM)  for  the  human  dopamine  transporter  (DAT)  [7]. 
A  different  cocaine  analogue  in  which  iodine  was  added  to  the  benzene  ring  failed  to 
produce  an  acceptable  image  for  the  DAT  because  of  inferior  DAT  affinity  and  spec¬ 
ificity  as  compared  with  cocaine,  whereas  loflupane  ['“I]  was  found  to  have  a  much 
higher  affinity  for  the  DAT  (Ki  =  3.50±0.39  nM,  rats)  than  cocaine  (Ki  =  510±110  nM, 
rats),  indicating  that  its  properties  are  ideal  for  DAT  imaging.  The  DAT  is  a  mem¬ 
brane  protein  that  is  intensely  expressed  in  the  substantia  nigra  of  the  brain  to  reup¬ 
take  dopamine  released  from  nigrostriatal  dopamine  nerve  terminals.  The  expression 
of  the  striatal  DAT  is  known  to  decrease  in  patients  with  Parkinson’s  disease.  When 
brain  images  are  taken  with  a  SPECT  camera  3-6  h  after  intravenous  administration 
of  loflupane  [*^^I]  in  healthy  subjects,  two  striata  that  are  symmetrically  located  deep 
in  the  brain,  near  its  center,  are  visualized  as  two  “comma-like”  images  (Fig.  34.6), 
because  loflupane  binds  tightly  to  the  intensely  expressed  DAT  in  the  striata. 
Comparatively,  in  patients  with  Parkinson’s  disease,  neurons  are  destroyed  with  the 
progression  of  the  disease,  decreasing  the  expression  of  DAT  in  the  striata.  When 
loflupane  ['^^I]  is  administered,  the  radioactivity  accumulation  in  the  striata  gradu¬ 
ally  decreases  from  the  tail  of  the  “comma”  with  the  progression  of  the  disease,  and 
only  the  caudate  nucleus  is  visualized  in  the  shape  of  a  “full-stop.”  When  the  disease 


MRI  SPECT  SPECT 


(Healthy  subject)  (Healthy  subject)  (Patient  with 

Perkinson’s  disease) 

FIGURE  34.6  MRI  and  SPECT  images  of  the  human  brain  obtained  with  loflupane 
(cross-section  of  the  brain).  Left:  MRI  image  of  the  brain  in  a  healthy  subject,  in  which  the  striata 
ai'e  visualized  as  two  white  “comma-like”  images  that  are  symmetrically  located  near  the  center 
of  the  brain.  Middle:  SPECT  image  of  the  brain  in  a  healthy  subject,  in  which  the  striata  are  visu¬ 
alized  as  two  red-yellow  “comma-like”  images  as  with  MRI.  Right:  SPECT  image  of  the  brain 
of  a  Parkinson’s  disease  patient,  in  which  the  radioactivity  accumulation  in  the  putamen  (bottom 
part)  of  the  striata  disappears,  and  only  the  caudate  nucleus  (upper  part)  is  visualized  in  the  shape 
of  a  “full-stop.”  When  the  disease  further  progresses,  the  radioactivity  accumulation  in  the 
caudate  nucleus  also  disappears.  {See  insert  for  color  representation  of  the  figure.) 
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progresses  further,  the  caudate  nucleus  eventually  disappears.  In  patients  with 
Parkinson’s  disease,  DAT  density  at  the  onset  of  symptoms  decreases  to  less  than  half 
of  that  in  healthy  subjects,  suggesting  that  DAT  density  begins  to  decrease  long 
before  symptoms  develop.  Therefore,  early  diagnosis  through  imaging  with  loflupane 
and  early  intervention  are  preferable  to  halt  disease  progression. 

More  recently,  loflupane  has  also  been  found  to  be  useful  in  the  diagnosis  of 
DLB.  A  decrease  in  DAT  density  is  also  observed  in  patients  with  DLB,  and  images 
obtained  with  loflupane  have  proved  that  Parkinson’s  disease  and  DLB  belong 
to  the  same  group  of  diseases.  As  described  earlier,  dementia  has  some  subtypes 
including  DLB, AD,  VaD,  and  FTD,  and  these  subtypes  require  different  treatment.  If 
patients  with  DLB  receive  treatment  for  AD  (e.g.,  psychotropic  drugs),  their  symp¬ 
toms  may  worsen.  Therefore,  the  differential  diagnosis  of  dementia  is  crucial. 

In  2000,  loflupane  was  approved  for  the  first  time  in  the  world  in  Europe  as 
a  diagnostic  imaging  agent  for  Parkinson’s  disease,  and  in  2006,  an  additional  indi¬ 
cation  of  DLB  was  approved.  In  2011,  loflupane  was  approved  in  the  United 
States  as  a  diagnostic  imaging  agent  for  Parkinson’s  disease.  In  Japan,  loflupane 
was  finally  approved  for  the  diagnosis  of  Parkinson’s  disease  and  DLB  in  2013. 
So  far,  it  has  been  approved  in  34  countries. 


34.9  BMIPP  [i“I] 

BMIPP  (15-(4-iodophenyl)-3(/?,5')-methylpentadecanoic  acid['^^I])  is  an 

imaging  agent  (injection)  for  myocardial  fatty  acid  metabolism  that  was  developed 
by  F.  F.  Knapp,  K.  R.  Ambrose,  M.  M.  Goodman,  et  al.,  of  Oak  Ridge  National 
Laboratory  in  the  United  States  in  1986  [8].  Fatty  acid  is  a  representative  energy 
source,  along  with  glucose  and  amino  acids.  From  the  1970s,  various  radio  isotope- 
labeled  fatty  acid  probes,  including  palmitate  [^'C],  a  naturally  occurring  fatty  acid 
labeled  with  carbon-1 1,  were  developed  and  administered  to  humans  to  elucidate  the 
fatty  acid  metabolism  in  the  body.  When  palmitate  [*'C]  was  administered  intrave¬ 
nously,  it  rapidly  accumulated  in  the  myocardium,  was  gradually  excreted,  and  dis¬ 
appeared  about  60  min  after  injection.  This  fact  and  the  corresponding  images  have 
documented  that  the  heart  mainly  uses  fatty  acid  as  its  energy  source.  However,  the 
kinetics  of  palmitate  ["C]  were  too  fast  to  image  heart  diseases.  This  is  the  point 
when  BMIPP  appeared.  BMIPP  has  a  methyl  group  at  the  beta-position 
(3-position)  of  the  aliphatic  side  chain  and  a  4-iodophenyl  group  at  the  omega-posi¬ 
tion  (15-position).  Naturally  occurring  fatty  acid  is  taken  up  in  the  myocardium  and 
carbon  chains  are  removed  from  the  carboxylic  end  two  at  a  time  sequentially  by 
enzymatic  beta-oxidation  in  mitochondria.  BMIPP  however,  cannot  undergo 
beta-oxidation  due  to  steric  hindrance  of  the  methyl  group  at  the  beta-position 
(Fig.  34.7).  If  it  undergoes  beta-oxidation,  3-OH-BMIPP  was  thought  to  be  formed, 
but  this  possibility  was  ruled  out  in  an  experiment  using  a  rat  perfusion  heart. 
Intravenously  administered  BMIPP  that  has  bound  to  plasma  albumin  in  the 
blood  is  transported  and  taken  up  in  the  myocardium  via  the  long-chain  fatty  acid 
transporter  (CD36)  expressed  on  the  surface  of  myocardial  cells.  BMIPP  is 
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guanethidine.  The  compound’s  isomers  were  synthesized  by  labeling  with  radioactive 
iodine  at  the  2-,  3-,  and  4-positions  on  the  benzene  ring,  and  intravenously  adminis¬ 
tering  the  compound  to  dogs.  All  of  these  isomers  specifically  accumulated  in  the 
adrenal  glands  as  expected;  in  particular,  the  adrenal  uptake  of  isomers  labeled  at  the 
3-  and  4-positions  was  markedly  high.  Because  the  isomer  labeled  at  the  4-position 
caused  accumulation  of  iodide  ion  [^^T]  (metabolic  product)  in  the  thyroid  glands,  the 
isomer  labeled  at  the  3-position  was  chosen  as  the  final  clinical  candidate.  lobenguane 
also  accumulated  in  relatively  high  concentrations  in  the  myocardium,  because 
it  is  rich  in  sympathetic  nerves.  Kline  et  ah,  then  succeeded  in  visualizing  the  distribu¬ 
tion  of  sympathetic  nerves  in  the  human  myocardium  by  intravenously  administering 
lobenguane  wherein  the  radioactive  iodine  isotope  was  substituted  with 

iodine- 123,  an  isotope  more  suitable  for  SPECT  [11]. 

In  Japan,  lobenguane  was  approved  for  the  diagnosis  of  heart  diseases  in 
1992,  approved  for  the  diagnosis  of  neuroblastomas  as  an  additional  indication  in 
2009,  and  approved  for  the  diagnosis  of  pheochromocytomas  as  an  additional  indica¬ 
tion  in  2011.  In  European  countries  including  the  United  Kingdom,  Erance,  and 
Germany,  it  was  approved  for  the  same  indications  as  in  Japan  in  the  1990s.  In  the 
United  States,  it  was  approved  for  the  detection  of  primary  and  metastatic  pheochro¬ 
mocytomas  and  neuroblastomas  in  2008,  and  approved  for  cardiac  risk  evaluation  in 
heart  failure  patients  as  an  additional  indication  in  2013. 


34.11  lOMAZENIL  ['“!] 

Diazepam,  a  benzodiazepine  antianxiety  drug,  was  developed  in  the  1960s  and  com¬ 
monly  used  as  a  hypnotic  drug.  As  a  result,  diazepam  abuse  and  dependence  became 
a  social  issue.  In  1981,  Hunkeler  et  ah,  of  E.  Hoffmann-La  Roche  Ltd  (Switzerland) 
developed  flumazenil,  a  BZR  antagonist  [12].  Elumazenil  binds  to  the  central  BZRs, 
preventing  the  action  of  benzodiazepines.  The  drug  was  found  to  reverse  the  effects  of 
benzodiazepines  without  exerting  its  own  pharmacological  effects.  lomazenil  ['^^I] 
(R0I6-OI5,  4-ethyl-5,6-dihydro)-7-iodo-5-methyl-oxo-4//-imidazo[l,5a][l,  4]ben- 
zodiazepine-3-carboxylate)  is  an  analogue  of  flumazenil  and  is  a  BZR  imaging  agent 
(injection)  developed  by  Beer  et  ah,  of  the  Paul  Scherrer  Institute  (Switzerland)  in 
cooperation  with  Hunkeler  [13].  When  lomazenil  ['^^I]  is  administered  intravenously 
to  humans  at  a  dose  of  1 1 1-167  MBq,  it  rapidly  accumulates  in  the  brain.  The  whole 
brain  uptake  of  radioactivity  peaked  at  12%  at  10-20  min  after  administration,  then 
gradually  decreased  to  7%  over  3h.  With  renal  elimination  being  the  primary  route, 
93%  of  the  administered  lomazenil  ['^^I]  was  excreted  in  the  urine  within  24h  after 
administration.  lomazenil  ['^^I]  accumulates  in  the  cerebral  cortex  and  cerebellum  of 
healthy  subjects,  where  the  central  BZRs  are  distributed  densely.  The  central  BZRs 
are  known  to  decrease  at  the  epileptic  focus.  About  one-third  of  patients  with  epilepsy 
are  refractory  to  medical  treatment.  Surgical  intervention  is  beneficial  for  patients 
with  intractable  epilepsy.  To  determine  the  extent  of  resection,  the  epileptic  focus 
must  be  located  accurately.  Because  lomazenil  ['^^I]  can  image  epileptic  foci  as  defects 
during  a  seizure-free  interval,  it  is  useful  to  determine  the  extent  of  resection. 
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In  Japan,  lomzenil  was  approved  for  the  detection  of  epileptic  foci  in  2004. 
In  Europe,  it  was  marketed  in  several  countries  including  Switzerland  in  the  1990s, 
but  is  no  longer  commercially  available  now.  In  the  United  States,  it  has  not  been 
approved.  In  Europe  and  the  United  States,  fludeoxyglucose  ['*F]  is  marketed  for  the 
same  indication. 


34.12  IODINE  [1311]  TOSITUMOMAB 

Since  the  development  of  MoAbs,  radioisotope-labeled  MoAbs  have  been  expected  to 
be  a  powerful  diagnostic  (radioimmunoimaging)  and  treatment  (radioimmunother¬ 
apy)  tool  for  cancer,  and  many  studies  have  been  conducted.  Although  many  prom¬ 
ising  results  have  been  obtained  in  animal  experiments,  the  outcomes  of  clinical  trials 
have  mostly  been  disappointing.  Meanwhile,  Iodine  [H'l]  Tositumomab  is  one  of  the 
few  successful  examples  of  radioimmunotherapy.  Kaminski  et  ah,  of  the  University  of 
Michigan  studied  anti-Bl  MoAb,  which  is  specific  for  CD20  (phosphoprotein) 
expressed  on  the  surface  of  human  B  cells.  First,  they  administered  unlabeled  anti-Bl 
MoAb  685  mg  to  28  patients  with  B  cell  lymphoma  for  whom  chemotherapy  had 
failed.  After  1  week,  iodine- 1 3 1-labeled  anti-Bl  MoAb,  that  is.  Iodine  ['^'I] 
Tositumomab,  was  administered  to  the  patients  at  a  dose  of  1.26-5. 96 GBq  (34— 
161  mCi).  As  a  result,  complete  remission  was  observed  in  14  patients  and  partial 
remission  was  observed  in  8  patients  [14].  The  treatment  of  these  patients  was  suc¬ 
cessful  for  the  following  two  reasons:  (1)  they  studied  lymphocytes  that  were  known 
to  be  radiosensitive,  and  (2)  they  blocked  nonspecific  antibody  binding  sites  in  the 
body  by  administering  unlabeled  anti-B  1  MoAb  as  pretreatment  to  increase  the  tumor 
uptake  of  radiolabeled  anti-B  IMoAb.  The  progression-free  survival  rate  was  56%  at  5 
years  and  the  overall  survival  rate  was  83%  in  the  clinical  study  of  Iodine  ['^T] 
Tositumomab  conducted  [15].  In  order  to  succeed  in  the  field  of  radioimmunotherapy, 
the  careful  design  of  treatment  protocols  similar  to  that  by  Kaminski  et  al.  is  consid¬ 
ered  essential. 

In  2004,  Iodine  ['^'I]  Tositumomab  was  approved  for  the  treatment  of  non-Hodg- 
kin’s  lymphoma  in  the  United  States.  It  has  also  been  approved  in  Canada,  but  has 
not  yet  been  approved  in  Europe  or  Japan.  In  Europe  and  Japan,  Yttrium  [^'’Y] 
Ibritumomab  tiuxetan,  an  antibody  drug  with  the  same  indication,  has  been 
marketed. 


34.13  SUMMARY  AND  FUTURE  PERSPECTIVE 

Radioactive  iodine  is  used  in  radioactive  iodine-labeled  pharmaceuticals,  both  inor¬ 
ganic  and  organic  compounds,  and  is  of  great  benefit  in  the  field  of  nuclear  medicine, 
for  both  diagnosis  and  treatment.  Radioactive  iodine  has  advantages  over  other  ele¬ 
ments  in  that  both  a  radioisotope  suitable  for  SPECT  (iodine- 123)  and  a  radioisotope 
suitable  for  PET  (iodine- 124)  are  available,  which  makes  it  unique.  Iodine  is  one  of 
the  essential  trace  elements  and  is  present  as  an  iodide  ion  or  thyroid  hormone  in  the 
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FIGURE  34.8  Halogen  bonding  between  a  MEKl  inhibitor  and  a  MEKl  kinase. 


body.  However,  most  pharmaceuticals  labeled  with  radioactive  iodine  are  artificial 
organic  compounds  synthesized  by  imitating  physiological  compounds  or  known 
pharmaceuticals.  That  is,  radioactive  iodine  has  been  used  as  a  mere  labeling  tool  or 
radioactive  source,  and  the  importance  of  its  chemical  properties  and  physiological 
significance  are  not  realized.  Likewise,  the  use  of  iodine  is  limited  to  the  control  of 
steric  hindrance  and  lipophilic  property  in  nonradioactive  pharmaceuticals.  Possibly 
because  of  this,  there  have  been  no  pharmaceuticals  containing  a  stable  iodine  iso¬ 
tope  for  more  than  20  years  since  the  development  of  several  iodine  contrast  media. 

Recently,  the  substitution  of  halogen  in  compounds  has  been  shown  to  interact  with 
carbonyl  groups  and  hydroxyl  groups  like  hydrogen  bonding.  A  drug  containing  a 
stable  iodine  isotope  has  been  developed  using  this  “halogen  bonding,”  and  a  clinical 
study  is  under  way  [16].  Halogen  bonding  plays  a  role  in  the  interaction  between  hal¬ 
ogens  in  the  molecules  of  drugs  and  carbonyl  groups  in  the  pockets  of  target  enzymes, 
and  a  halogen  bonding  directly  exerts  an  enzyme  inhibitory  effect  (Fig.  34.8).  Among 
the  halogen  elements,  iodine  is  known  to  form  the  strongest  halogen  bonding.  In  the 
near  future  it  is  hoped  that  new  pharmaceuticals  containing  radioactive  iodine  will  be 
developed  using  radioactive  iodine  as  the  point  of  action  of  halogen  bonding. 
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dehydrative  condensation  319 
dehydrogenation  117,130,246,278 
deiodination  244,  359 
dementia  with  lewy  body  (DLB)  617 
dendrimer  370,371 
density  11 

deposits  of  organic  origin  557 
deprotection  246 

Dess-Martin  periodinane  (DMP)  108,  293 
fdiacetoxyiodo)benzene  (DIB)  106 
diaryliodonium  salts  1 3 1 ,  459 
diastereoselectivity  331 
diatrizoate  364 
diatrizoic  acid  358-60,  363 
1 ,4-Diazabicyclo[2.2.2]octane  1 69 
dibenzo-24-crown-8,  175 
dichloroiodobenzene  295 
dichroism  484 

didodecyldimethylammonium  bromide 
(DDAB)  28 
dielectric  constant  1 1 
dietzeite  213 

differential  optical  absorption  spectroscopy 
(DOAS)  595 
difluoroiodotoluene  295 
digital  imaging  473,  475 
digital  subtraction  angiography  365 
DIH  See  l,3-diiodo-5,5-dimethylhydantoin 
(DIH) 

2,2’ -diiodobiphenyl  catalyst  318 

1.3- diiodo-5,5-dimethylhydantoin 

(DIH)  263 

diiodotyrosine  (DIT)  412-14 
Dijon  199-201,203 
dimethyldiselenide  178 
diodone  356 
1,2-diol  330,  340,  345 

1.4- dioxane  176 
diphosphorustetraiodide  269 
direct  current  (DC)  amperometry  34 
discovery  203-5 

disinfectant  375,  376,  379,  380,  383,  386, 
389-92,  397,  398,  402-4 
dissociative  ligand  exchange  113 
dissociative  pathway  118 


628 


INDEX 


distillation  244 

dopamine  transporter  (DAT)  618 
drinking  water  391,  392,  394,  397-9,  403 
DSSC  counterelectrode  507 
duallC  47 
dyes  484,  553 

dye-sensitized  solar  cells  501 
dynamic  contact  angles  518 
dynamic  viscosity  1 1 

efflux  565,  566 
electrical  resistivity  1 1 
electrodialysis  244,  245 
electron  affinity  13 
electron  configuration  13 
electron  energy  distribution  functions  524 
electron  gain  enthalpy  13 
electronegativity  13 
electronic  configuration  13 
electrophilic  iodinating  reagent  259,  260, 
263,  264,  266,  268 
electrospray  ionization  tandem  mass 
spectrometry  (ESI-MS)  36 
eluent  26 
eluting  agent  239 
elution  column  239 
Emiliania  566,  568 
enantioselective  a-arylation  308 
enteric  bacteria  401,402 
enteric  viruses  401 
entropy  11 

environment  227,  228 
environmentally  harmonized  gas 
chemistry  532 

enzyme-based  iodine  (EB I)  391,392, 

394,  398 

epilepsy  611,621 
epoxides  464 
epoxy-silicone  466 
EPR  559,  570-572 
erythrosine  B  553 
etching  rate  528 
etching  selectivity  523 
ethanol  11 
ethers  1 1 
Ethiodol  369 
ethyl  acetate  1 1 

extended  X-ray  absorption  fine  structure 
(EXAFS)  19,576 


extracellular  contrast  agent  355,  357, 

359,  367 
extraction  244 
eye  drops  435 

fatty  acid  metabolism  619 
flaked  220 
Baker  238,  239 
flakes  237 
flubendiamide  447 
fluoride  60 

fluorinated  repellents  513 
Fluorination  296 
fluorine  12,  13 

fluorine-doped  tinoxide  (PTO)  502 
fluoroalcohol  solvent  119,288,318 
fluorocarbon  gases  523 
fluoropolymer  523 
fluoroscopy  365 
Food  and  Drug  Administration 
(FDA)  552 

food  processing  industry  400 
fossil  seawater  236 
Fourier  transform  infrared 
spectrometer  534 
France  210 

frontotemporal  dementia  (FTD)  617 
Fujita’s  chiral  lactate-type  iodoarene  136 
Fukushima  565 
fullerene-C60,  180 
Functionalization  of  carbonyl 
compounds  126 

gaseous  phase  1 1 
Gay-Lussac  203,  205 
Gian  486 

global  warming  potential  532 
glomerular  filtration  359,  365 
goiter  422-6,  431,  560,  563 
Grotthuss  mechanism  of  conductivity  508 

Haidinger  482 
Halocarbons  566-8 
halogen  12 

halogen  bond  (XB)  159,  160 
halogen  bonding  623 
halogen  bonding  acceptor  161 
halogen  bonding  donor  161 
halogenases  559 
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halogenation  558 
halogen-iodine  exchange  83 
haloperoxidase  564,  565,  568,  570,  572, 
573,  576,  591 
HastelloyC  237 
heap  leaching  213,216-18,220 
heat  of  fusion  10 
heat  of  vaporization  10 
heat- stabilizing  agents  550 
heptafluoro-iso-propylaniline  449 
Herapath  479,  482 
herapathite  482-4,  486 
herbicides  444 
Herotar  482,  483 
hexamethylenetetramine  170 
hexane  11 

hexane- 1 ,6-diaminium  diiodide  182 
HI  56 

high  capacity  41 
higher-order  structures  518 
higher-valent  palladium  309 
highest  occupied  molecular  orbital 
(homo)  1 1 

high-osmolar  agents  366 
Hofmann  rearrangement  120,  127,  292 
HOI  see  Hypoiodous  acid  (HOI) 
homocoupling  314 
HOMO-LUMO  559 
homolytic  cleavage  122 
homolytic  fragmentation  285 
Hounsfteld  Unit  365 
H-sheet  485 
humic  substances  234 
1  -hydoroxy- 1 ,2-benziodoxol-3(  1  H)-one 
(IBX)  108,293 
hydration  energy  13 
hydriodic  acid  56,  57 
hydrodimerization  345 
hydrogen  abstraction  284 
hydrogen  iodide  56,  79,  86 
hydrophilicity  356,  363,  364,  367 
[hydroxy(tosyloxy)iodo]benzene 
(HTIB)  106,291 
hypernucleofuge  114 
hyperthyroidism  414,  415 
hypervalency  105 
hypervalent  bond  105 
hypervalent  iodine  compounds  460 
hypervalent  iodine  reagent  280 


hypoiodous  acid  (HOI)  79,  382,  592^ 
hypothyroidism  414,  415,  423,  434 

‘^4  559 
\  592,  594 
Ij  encapsulation  181 
I2NH3  163 
Ij  jc  contact  180 
Ij  Se  synthon  178 
Ij  Te  synthon  179 

42  182 
IBBCEAS  567 
IBr  59,  561 
IBrj,  59 
ice  algae  568 
Iceland  spar  482 
ICl  60 
ICI3,  59 

idoxuridine  434 
IDU  433 
IF  59 
IF3  59 
IF3  59 
IF3  59 

I-I  As  interaction  174 
I-I  O  synthon  175 
I-I  P  interaction  174 
I-I  S  synthon  176 
imino  ketones  335 
Iminoiodane  109 
inductively  coupled  plasma  532 
inductively  coupled  plasma  mass 
spectrometry  (ICP-MS)  16,  36 
industrial  applications  547 
inert  element  55 
Infrared  diode  laser  absorption 
spectroscopy  525 
Infrared  (IR)  spectroscopy  18 
I-I  stretching  167 
initiating  system  493-5,  497 
initiator  493 
Inkjet  printing  474 
inorganic  iodide  55 
Inorganic  iodine  279 
insecticides  447 

integrated  pest  management  (IPM)  448 
interhalogen  compound  56 
interhalogens  56,  59 
intermolecular  forces  159 
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Intraiodol  369 
I2O5  59 

10  radical  592,593 
iobenguane  [1231]  610-612,  620 
lOCHEM  222 

iodate  214-18,220,557-9,561,565, 
566,  568 
iodic  acid  560 
iodic  anhydride  59 

iodide  55,  215-20,  557,  559-62,  564-71, 
573,  578 

iodinating  reagent  25 1 
iodination  338,  339 
alcohols  86-9 
aliphatic  hydrocarbons  76 
alkenes  78-80 
alkyl  halides  85,  86 
alkynes  81,  82 
aromatic  hydrocarbons  78 
aryl  halides  83 
carbonyl  compounds  91 
carboxylic  acid  90 
ethers  89 

organometallics  92 
organonitrogen  compounds  85 
sulfonic  acid  esters  87 
iodination  of  protein  569 
iodine 

agrochemicals  5 
biological  activity  4 
discovery  2 
industrial  application  3 
isotopes  5 
pharmaceuticals  4 
physicochemical  properties  2 
production  2 
recycle  3 
synthesis  3 
iodine  55 

iodine  cation  (H^O  T)  378,  382 
iodine  chloride  259 
iodine  containing  wall  400 
iodine  deficiency  421 
iodine  deficiency  disorders 
(IDD)  422,425 
iodine  heptafluoride  60 
iodine- 123  605,  608 

iodine- 1 24  608 

iodine-125  [‘“I]  606,  608 


iodine- 125  seed  606,  612 

iodine- 129,  236 

iodine- 131  [‘’‘I]  606,  608 

iodine  [1311]  tositumomab  622 

iodine  in  polymer  synthesis  490 

iodine  intake  422,  425-7,  429 

iodine  (molecular,  I^)  557-9,  563-8 

iodine  monobromide  60 

iodine  monochloride  60 

iodine  monofluoride  60 

iodine  nutrition  425-7 

iodine  oxide  particles  (lOPs)  593 

Iodine  oxides  558,  566,  567 

iodine  pentafluoride  60 

iodine  pentoxide  59 

iodine  resins  399 

iodine  stripping  219 

iodine  supplements  421,429 

iodine  teat  dip  398 

iodine  tincture  386,  392,  394,  395,  398 
iodine  tribromide  60 
iodine  trichloride  59 
iodine  trifluoride  59 
iodine-based  redox  system  509 
iodine-interhalogen  compounds  78 
iodinium  ylide  124 
iodipamide  362,  368 
iodism  228 
iodixanol  362-4 
iodized  oil  423,426,429 
iodized  salt  427,  429 
iodoalkanes  332 
iodoalkynes  162 
iodoallylic  alcohol  258 
iodobenzene  diacetate  282 
iodobenzene  dichloride  103,  295 
2-iodobenzenesulfonic  acid  (IBS)  133 
iodoform  (triiodomethane)  391,393 
iodohippurate  [1231]  611 
iodolactonization  252,  261 
iodomethylation  84 
iodonium  bromide  319 
iodonium  ion  560 
iodonium  salt  108,  306 
iodoperoxidase  564,  572,  573,  579 
iodophors  376,  379-81,  384,  386,  387, 
393,  397 

iodopyridine  332 

iodoquinol  (5,7-diiodo-8-quinolinol)  393 
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iodosobenzene  109,  280 
iodosulfuron-methyl-sodium  443 
iodosylbenzene  280 
iodothyronine  deiodinase  (Dl,  D2, 
D3)  413 

iodotitanation  332 
iodotrimethylsilane  89 
iodotyrosine  (MIT)  412-14 
iodotyrosine  deiodinase  (lYD) 
412-14,418 
iodoxybenzene  294 
iodoxylbenzene  monomer  282 
iodylbenzene  294 
iofetamine  ['^^1]  611,613,615 
lofma,  Inc.  224 

ioflupane  ['^^1]  611,613,614,618 
ioforminol  359 
iohexol  360 

iomazenil  [1231]  611,612,621 
ion  chromatography  (1C)  25 
ion  exchange  244 
ion  exchange  resin  244 
ion  exchanger  26 
ion  selective  electrodes  (ISEs)  17 
ion-exchange  capacity  3 1 
ion-exchange  process  237 
ion-exchange  resin  method  237 
ionic  radius  13 
ionic-liquid  electrolytes  508 
ionization  energies  13 
ionization  enthalpy  10 
iopamidol  360,  363,  367 
iopanoate  368 

iopromide  358,  359,  361,  364,  368 

iosimenol  359 

iosimid  358 

iothalamate  369 

iotrolan  356,  357,  362-4 

ioversol  361 

ioxaglic  acid  356 

ioxilan  361 

ioxynil  440 

Ipso  substitution  320 

lPy2BF4  266 

Ireland  207,  564,  566,  567 

iridium  carbonyl  iodide  547 

Ishihara’s  chiral  catalyst  137 

isochrysis  566 

isomerization  246 


Isonicotinamide  172 
lUPAC  36 

J  polarizer  484 

Japan  210,  211,  222,  224,  237,  565 
Jawa  210 

Kamovsky  fixative  43 
Kazusa  group  232,  233 
Kelp  209 

kerosene  extraction  218,220 
ketones  10 

K1  See  potassium  iodide 
kiln  207 

kinematic  viscosity  1 1 

Kita’s  catalyst  133 

Kita’s  spirobiindane  catalyst  136 

La  Hague  565 
labeling  613,  614,  621 
Laminaria  564—7,  573 
land  484 
lautarite  213,  559 
lead  iodide  55 
lead(ll)  nitrate  55 
LLDs  462 

lepidopterous  pests  448 
Levo-T  415 
Levothroid  415 
levo thyroxine  415 
Lewis  acid  330,331 
ligand  coupling  112,121 
ligand  exchange  112,319 
limestone  224-6 
limit  of  detection  (LOD)  35 
Lipiodol  369 
liposomes  369 
liquid  phase  1 1 

liver-specific  X-ray  contrast  agent  368 
living  cationic  polymerization  492 
living  polymerization  491 
living  radical  polymerization  491,  495-500 
long-term  thermal  stability  (LTTS)  550 
low  capacity  41 
low  dielectric  (low-k)  film  53 1 
lowest  unoccupied  molecular  orbital 
(LUMO)  11 
low-osmolar  agents  366 
low- valent  metal  329 
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Lugol’s  solution  377,  378,  381-3,  386, 

392,  394,  395,  401 
Lymphography  366 

Macrocystis  565 

Mannich  reaction  331,335 

marine  sediment  231,  233,  234,  236 

Martin- Arduengo  designation  105 

matrix  elimination  37 

m-Chloroperbenzoic  acid  (mCPBA)  133 

melter  238,  239 

melting  point  13 

membrane  filtration  245 

meta  arylation  307 

metabolism  446 

metal-free  138,313 

metal  iodide  329 

methamphetamine  229 

methanol  548 

methoxyallene  338 

methyl  iodide  443,  548,  591 

metrizamide  356 

metrizoic  acid  369 

MF  244 

micellar  systems  281,294 
michael  accepter  124 
micro  filtration  245 
microbial  methane  231,236 
microbicidal  activities  383 
microorganisms  557,  568,  578 
microwave-induced  combustion  (MIC)  42 
mildewcide  442 

Minami-Kanto  gas  field  231,  232,  234,  237 

mineral  deposits  213 

mineralization  244 

mixed  mode  29 

MNOSFET  537 

mobile  phases  30 

molar  heat  capacity  10 

molecular  iodine  9,  245,  251,  277,  311 

monoliths  28 

Monomers  464 

Monsanto  processe  547 

Monterey  Formation  221 

Morrow  Formation  226 

p-Oxo  compound  108 

p-oxo  hypervalent  iodine  290 

Mukaiyama  aldol  331 

myelography  366 


Nal  57 

Nakajo  oil  and  gas  field  231,  233 

nano  filtration  245 

naphthalene  58 

natural  gas  226-8 

natural  saltpeter  213 

Nazarov  reaction  331 

negative  ion  538 

negative  photoresists  47 1 

nematodes  452 

Nereocystis  564 

neutralization  244 

new  fluorinated  alkyl  acrylates  520 

NF  244,  245 

NI3,  59 

Nicol  prism  481 
Niigata  gas  field  231,233 
N-iodosaccharin  264 
N-iodosuccinimide  260 
NIS  260 
niter  210 

nitrate  213,  220,  226 
nitrenium  120,  127 
nitrogen  centered  radicals  285 
nitrogen  triiodide  59 
nitrous  oxide  (N^O)  reductase  (N^OR) 
569,  570 

NMR  559,  571,  572,  576 
no  observable  effect  level  (NOEL) 

552,  553 

nonmetallic  element  9 
nonsupressed  IC  33 
Normandy  207 

North  American  Brine  Resources  222 
Norway  207 

nuclear  medicine  610,616,622 
nuclear  power  plant  606-8,  615 
nucleophilic  coupling  322 
nucleophilic  iodinating  reagent  269,  27 1 
nucleophilic  substitution  115 

O-arylation  323 

ODS  columns  28 

oil  and  water  repellency  516 

Oilfield  221,222,224,226 

o-iodoxybenzoic  acid  (IBX)  293 

Oklahoma  221,  222,  224,  226,  228,  229 

organic  iodide  303 

organocatalysis  318 
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organocatalyst  133 
ortho  effect  121 

osmolality  356,  359,  360,  363,  364 
oxidant  238,  239 
oxidation  of  alcohol  277,  293 
oxidation  potential  314 
oxidation  states  13 
oxidative  cleavage  129 
oxidative  coupling  311 
oxidative  cycloaddition  126 
oxidative  fragmentation  129 
Oxone®  133,293 
ozone  591,592,594 
ozone  depletion  events  fODEs)  596 

Parachlorella  565 
Paris  200-203 

Parkinson’s  disease  611,618,619 
partition  coefficient  363,  364 
pauling  13 

perfluoroalkyl  iodide  497,  513 
periodic  acid  562 
periodic  table  13 

personal  protective  equipment  228 
petroleum  224,  227 
PFOA  517 
pharmaceuticals  433 
pharmacokinetics  364,  366,  367 
phenol  coupling  315 
phenolic  antioxidant  550 
phenolic  oxidation  125,  283 
phenoxenium  ion  119 
phenyliodine(lll)  bis(trifluoroacetate) 
(PIFA)  106,  ,285,  313 
phenyliodine(lll)  diacetate  fPlDA) 
106,  282 

pH/flow  gradient  28 
phosphorous  triiodides  87 
photoacid  generator  (PAG)  131,459 
photochemical  592,  595 
photoelectrode  503 
photographic  sensitizers  553 
photosensitivity  460 
photosensitization  463 
photosensitizers  462 
physical  properties  13 
phytoplankton  591,  592 
PA’  269 
pinachrome  553 


pinacol  coupling  reaction  340 
Pittsburgh  Plate  Glass  Industries  226 
plant  growth  regulator  (PGR)  440 
pluse-time  modulated  plasma  532 
pnicogen  atom  173,  174 
polar  596 
polarizability  161 
polarized  light  480,  48 1 
Polaroid  484,  485 
pollution  228 

poly  (hexamethylene  adipamide)  548 
poly  acrylic  acid  387 
polyamide(s)  6,  66,  387,  549 
polyether  glycols  387 
polyiodide(s)  18,  237,  240,  376,  378, 

390,  399 

polymeric  structure  280,  294 
polymerization  523 
polymer-supported  reagent  296 
poly oxy alky lenes  387 
polysaccharides  387 
polyvinyl  alcohols  387,  484 
polyvinyl  pyrrolidinone  382,  387,  395 
porous  SiOCH  537 
positive  photoresists  47 1 
positron  emission  tomography  (PET)  605-6, 
609,  610 
potash  208 

potassium  carbonate  207 
potassium  iodide  9,  57,  607 
Poulconq,  209 

povidone-iodine  380,  381,  387-90 
precipitation  244 

precision  polymer  synthesis  491,  494,  499 

precision  polymerization  491 

pregnancy  423,  425 

prilled  217-19 

prilled  iodine  237,  240 

prilling  219 

prilling  tower  237 

prills  237 

prins  cyclization  332 
printer  inks  553 
prochlorococcus  568 
production  process  in  the  past  207 
proquinazid  445 
protonic  acids  459 
protozoan  cysts  401 
pseudomonas  iodooxidans  568 
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pulsed  amperometric  detection  (PAD)  34 
pummerer-type  reaction  127 
PylCl  268 
pyridine  10,  171 
pyridinium  iodochloride  268 

quantum  yields  462 
quinine  481-3,486 
quinone  283 

radical  122 

radical  polymerization  489,  490,  495, 
496,  498 

radioactive  iodine  605-15,  621 
radiography  365 
radioimmunotherapy  609,  622 
radiopharmaceuticals  610,611,615 
rafoxanide  450 
Raman  spectroscopy  18 

l,6-bis(trimethylammonium)hexane 
167,  182 

dynamically  porous  167 

1-1  stretching  167 
recombination  loss  reaction  505 
recyclable  reagent  296 
recycling  243 
reducing  ability  14 
reduction  339-44,  347 
reduction  potential  13 
reductive  coupling  304 
reductive  elimination  1 14 
reductive  environment  234 
Reformatsky-type  reaction  342 
refractive  index  10 
regioselective  iodination  449 
release  coatings  466 
reoxidant  133 
Repetto  Formation  221 
resin  239 

resistance-capacitance  delay  531 
retention  27 

reverse  osmosis  (RO)  245 
rhodium  carbonyl  iodide  547 
ring  contraction  128 
ring  opening  128 
ring  substitution  289 
RO  See  reverse  osmosis  (RO) 
rodenticide  442 
Rose  Bengal  553 


Ru-based  dyes  503 
ryanodine  receptor  (RyR)  447 

Sadowara  gas  field  231,234 
safener  444 
salicylanilides  451 
saltpeter  197 
saltpeter  refinery  201 
samarium(Il)  iodide  (Sml^)  343 
Sandell-Kolthoff  reaction  16,44 
sandstones  224,  226 
Sargassum  565 
S-arylation  323 
schoeniger  combustion  44 
Scotland  207 
seawater  samples  26 
seaweed  207,  221,  593 
secondary  bonding  110 
secondary  ion  mass  spectrometry 
(SIMS)  43 
Selectfluor™  296 
Selective  arylation  307 
self-elution  37 
Sellafield  565 
separation  mode  25 
0-aryl  hypervalent  iodine  321 
o  hole  160 

signal  transduction  446 

silver  209,  210 

silver  iodide  58 

silver(I)  nitrate  58 

single  photon  emission  computed 

tomography  (SPECT)  605,  606,  609, 
610,616,618,  621 

Single-electron-transfer  (SET)  119,  122, 
288,313 

SiOj  etching  523 
soda  207 

sodium  bisulfite  210 

sodium  carbonate  210 

sodium  iodide  12,  57,  355,  356 

sodium  iodide  614 

sodium  iodide  ['^T]  614 

sodium  nitrate  plant  218 

solar  evaporation  217 

sol-gel  reaction  469 

solid  phase  10 

solubility  of  iodine  1 1 

Soluble  organically  bound  iodine  (SOI)  42 
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solvent  interaction  164 
speciation  analysis  36 
specific  heat  1 1 
spiroannulation  286 
spirocyclic  compound  286 
spirocyclization  120,  135,  287 
spirolactone  125 
stabilizer  548 
standard  atomic  weight  10 
starch  210 

static  contact  angle  514 
stereolithography  473,  475 
striata  618 

structures  of  epoxide  466 
sublimation  210 
sulfoxides  340 
sulfur  combustion  215,220 
sulfur  dioxide  209 
sulfuric  acid  210 

superelectrophilic  iodonium  ion  262 
suppressed  IC  33 
supramolecular  synthon  168 
supressors  34 
surfactant  29 
swimming  pool  water  399 
Synechococcus  568 
Synthroid  415 

telomerization  514 
terminal  oxidant  282 
tetrahydronaphthalene  56 
l,3,5,7-tetrakis[4-(diacetoxyiodo)phenyl] 
adamantine  297 

tetramethyl  ammonium  hydroxide 
(TMAH)  46 
Telraselmis.sp.,  568 
textile  dyes  553 
Thalassiosim  568 
therapeutic  agents  433 
thermal  conductivity  10 
thermal  desorption  spectroscopy  534 
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FIGURE  8.2  Left:  The  molecular  electrostatic  potential  at  the  isodensity  surface  with  0.001 
au:  CF^,  CF^Cl,  CF^Br,  and  CF^I.  Color  ranges  are  as  follows:  Red,  greater  than  27  kcal  mol"'; 
yellow,  between  20  and  14  kcal  mol"';  green,  between  12  and  6  kcal  mol"';  blue,  negative.  Right: 
Fj  and  CF^SO^OCOF  (the  CF^  group  is  on  top).  Color  ranges  are  as  follows:  Red,  greater  than 
20  kcal  mol"';  yellow,  between  20  and  9  kcal  mol"';  green,  between  9  and  0  kcal  mol"';  blue, 
negative.  For  F^  and  CF^SO^OCOF  the  black  hemispheres  denote  the  positions  of  the  most 
positive  potentials  associated  with  the  fluorines. 
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FIGURE  8.5  Left:  The  color  of  iodine  solutions  relates  with  the  electron-donating  ability  of 
the  employed  solvents.  From  left  to  the  right  the  characteristic  colors  of  dissolved  in  hexane, 
toluene,  dichloroethane,  acetonitrile,  methanol  and  pyridine.  Right:  Electronic  spectra  of  CCl,^ 
solutions  of  before  and  after  the  addition  of  excess  amount  of  benzene,  mesitylene,  and 
hexamethylbenzene  (X  ^  ,  369  nm).  A  charge-transfer  band  appears  upon  cosolvent 

•'  '  charge  transier  '  °  111 

addition  and  its  increases  with  the  strength  of  the  XB  acceptors  (benzene,  285  nm;  mesity¬ 
lene,  327  nm;  hexamethylbenzene,  369  nm).  Reproduced  with  permission  from  Ref.  [32]  © 
Royal  Society  of  Chemistry.. 
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FIGURE  11.2  Atacama  Desert. 
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FIGURE  13.3  Blowing-out  process  of  iodine.  A  view  of  Blowing-out  and  Absorption 
towers  (bottom). 
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FIGURE  13.4  Ion-exchange  Resin  (lER)  Process  of  iodine.  A  view  of  lER  column  (bottom). 


FIGURE  13.5  (a)  Iodine  product  (flaked).  Iodine  flake  is  highly  pure  and  low  water  content 

product,  (b)  Iodine  product  (prilled).  Prilled  iodine  is  easy  to  handle  and  dust  free. 


FIGURE  19.5  CT  images.  Left:  Coronary  CTA,  slice  thickness  0.6  mm,  two-dimensional 
rendering.  Middle:  Coronary  CTA,  slice  thickness  0.6  mm,  three-dimensional  rendering. 
Right:  Carotid  artery,  slice  thickness  0.75  mm,  three-dimensional  rendering.  Courtesy  of 
Siemens  AG  (collection  of  MIP,  VRT  images)  and  Friedrich- Alexander  University  Erlangen- 
Nuremberg,  Institute  of  Medical  Physics,  Erlangen,  Germany. 


FIGURE  26.1  Overlapping  hexagonal-shaped  crystals  of  herapathite  crystals  viewed  in 
transmitted,  unpolarized  white  light  (Ref.  [16]).  Arrows  denote  the  orientation  of  the  absorbing 
direction  in  the  crystals.  Extinction  is  apparent  when  crystals  overlap  and  their  long  axes  are 
orthogonal  to  one  another.  Courtesy  Taylor  and  Francis  and  Philosophical  Magazine. 


FIGURE  26.2  Three  purple  triiodide  ions  lined  up  along  the  b-axis  (horizontal)  within  a 
channel  created  by  five  quinine  molecules  in  herapathite.  Molecules  of  solvation  (water  and 
acetic  acid)  as  well  as  sulfate  counterions  have  been  removed  for  clarity. 


FIGURE  26.3  Examples  of  Herotar  and  Bemotar  filters  from  1936  and  1937.  Note  the  rec¬ 
ognition  of  Prof.  Bemauer  in  the  instructions  (“Gehrauchsanweisung”)  as  the  inventor  of  these 
photographic  filters.  Courtesy  of  Volkmar  Kleinfeldt. 


FIGURE  28.3  Outer-sphere  binding  of  -  in  aN3  dye  model.  The  figure  is  taken  from  Ref.  [12]. 


FIGURE  31.8  Iodine  containing  dyes:  Erythrosine  B  (left).  Rose  Bengal,  cyanine, 
Cryptosyanine  (right). 


FIGURE  32.3  Structures  of  the  CuZ-iodide  adduct  (N^OR  Achromobacter  cycloclastes; 
PDB  code  2IWK)  and  the  native  CuZ  site  (N^OR  Pseudomonas  stutzeri;  PDB  code  3SBR). 
The  addition  of  the  soft  ligand  iodide  yielded  a  bridging  conformation  that  closely  mimics  the 
binding  of  S^"  in  the  purple  N^OR  from  P.  stutzeri.  Iodide  in  purple,  sulfide  in  yellow.  Adapted 
from  Ref.  [135]  ©  Elsevier. 
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FIGURE  34.5  Cerebral  blood  flow  maps  of  lofetamine  in  dementia  patients  by  disease 
subtype.  The  distribution  of  blood  flow  is  seen  on  each  cross-section  of  the  brain.  White  areas 
represent  normal  blood  flow  and  red-yellow  areas  represent  reduced  blood  flow.  AD, 
Alzheimer’s  disease;  ANT,  anterior  view;  DEB,  dementia  with  lewy  bodies;  FTD,  frontotem¬ 
poral  dementia;  INE,  inferior  view;  LTLAT,  left  lateral  view;  LTMED,  left  medial  view;  POST, 
posterior  view;  RTLAT,  right  lateral  view;  RTMED,  right  medial  view;  SUP,  superior  view; 
VaD,  vascular  dementia. 
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FIGURE  34.6  MRI  and  SPECT  images  of  the  human  brain  obtained  with  loflupane  ['^^I] 
(cross-section  of  the  brain).  Left:  MRI  image  of  the  brain  in  a  healthy  subject,  in  which  the 
striata  are  visualized  as  two  white  “comma-like”  images  that  are  symmetrically  located  near 
the  center  of  the  brain.  Middle:  SPECT  image  of  the  brain  in  a  healthy  subject,  in  which  the 
striata  are  visualized  as  two  red-yellow  “comma-like”  images  as  with  MRI.  Right:  SPECT 
image  of  the  brain  of  a  Parkinson’s  disease  patient,  in  which  the  radioactivity  accumulation  in 
the  putamen  (bottom  part)  of  the  striata  disappears,  and  only  the  caudate  nucleus  (upper  part) 
is  visualized  in  the  shape  of  a  “full-stop.”  When  the  disease  further  progresses,  the  radioac¬ 
tivity  accumulation  in  the  caudate  nucleus  also  disappears. 
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